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“Aperfeiçoamento de algoritmos para avaliação da qualidade do ar e da composição 
atmosférica a partir de medidas de radiâncias espectrais” 
Resumo 
 
O principal objetivo deste trabalho consiste na aplicação e aperfeiçoamento de algoritmos 
numéricos para a inversão de medidas espectrais feitas com um instrumento de deteção remota 
instalado no Observatório do Centro de Geofísica de Évora (38.6ºN, 7.9ºW, 300 a.s.l.). Os 
algoritmos explorados são os seguintes: i) metodologia DOAS para a determinação da 
concentração média de compostos atmosféricos ao longo do caminho ótico, ii) duas diferentes 
abordagens ao algoritmo de inversão de Chahine que consiste num método iterativo para a 
obtenção dos perfis dos constituintes atmosféricos minoritários usando o output da técnica 
espetral. Os resultados obtidos permitiram a avaliação dos ciclos diurnos e sazonais e de 
variações anuais das colunas totais de ozono, dióxido de azoto e de óxido de bromo, dos perfis 
verticais de dióxido de azoto e informação acerca de massas de ar poluídas no período 
compreendido entre 2007-2011. As quantidades obtidas são comparadas/validadas com os 
respectivos resultados obtidos com instrumentos instalados em satélites. 
 
“Improvement of algorithms for the assessment of air quality and atmospheric 
composition from observations of spectral radiances” 
Abstract 
 
The central part of this work is the application and improvement of numerical algorithms for the 
inversion of spectral measurements carried out with a remote sensing instrument, installed at 
the Geophysics Centre of Évora´s Observatory (38.6ºN, 7.9ºW, 300 a.s.l.).The exploited 
algorithms are: i) the Differential Optical Absorption Spectroscopy method, for the 
determination of the mean concentration of an atmospheric compound along an optical path; 
ii) two different approaches to the Chahine inversion algorithm that is an iterative method for 
proﬁle retrieval of atmospheric tracers using the output of the spectroscopic technique. The 
obtained results allow for the assessment of diurnal cycles, seasonal and inter-annual variations 
for the total columns of ozone, nitrogen dioxide and bromine oxide, the atmospheric profiles of 
nitrogen dioxide and information about nitrogenous air masses transported over Évora for the 
period 2007-2011. In addition, the retrieved quantities are compared/ validated with analogous 
results obtained with satellite borne instruments.  
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Extended Abstract 
 
The atmospheric composition and structure play a key role on the climate system. Atmospheric 
tracers and aerosols affect climate by altering incoming solar radiation and out- going infrared 
radiation that are part of Earth’s energy balance. Since the start of the industrial era, the overall 
effect of human activities on climate has been a warming influence. The human impact on 
climate during this era greatly exceeds that due to known changes in natural processes, such as 
solar changes and volcanic eruptions. In this frame, this PhD work tries to clarify the present 
atmospheric composition, the modifications occurred in the last centuries in our climate system 
and the main role played by the gaseous atmospheric tracers(ozone, nitrogen and bromine 
oxides) with the presentation of their main chemical cycles in the atmosphere. Moreover, the 
central part of this work is the application and improvement  of numerical algorithms for the 
inversion of spectral measurements carried out with the SPATRAM (SPectrometer for 
Atmospheric TRacers Monitoring) remote sensing instrument, installed at Geophysics Centre of 
Évora - University of Évora (CGE-UE) (38.6º N, 7.9 W, 300 a.s.l.) in the south of Portugal since 
2004. The exploited algorithms are: i) the DOAS (Differential Optical Absorption Spectroscopy) 
method, for the determination of the mean concentration of an atmospheric compound along 
an optical path; ii) two different approaches to the Chahine inversion algorithm that is an 
iterative method for proﬁle retrieval of atmospheric tracers using the output of the DOAS 
technique. The obtained results allow for the assessment of diurnal cycles, seasonal and inter-
annual variations for the total columns and atmospheric profiles of ozone, nitrogen and bromine 
oxides. In addition, the retrieved quantities are compared/validated with analogous results 
obtained with satellite borne instruments. The analysis is performed for the period 2007-2011. 
This study also provides information about nitrogenous air masses transported over Évora, in 
2010. The joint action of the SPATRAM data and HYSPLIT (HYbrid Single-Particle Lagrangian 
Integrated Trajectory) maps, allowed for the identification of possible sources responsible for 
the pollution events recorded at the city. 
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1. Introduction 
 
1.1 State of the art 
 
During the last two centuries the composition of atmosphere has undergone dramatic changes 
due mainly to the role of human activities (Valks, 2003; IPCC, 2007; WMO, 2003; IPCC, 2013). 
The main causes for these variations may be identified as the quasi-exponential growth in 
population that impelled the development of industrialization and energy production, the 
intensification of both terrestrial and air traffic, the agriculture practices (that include the use of 
fertilizers and biomass burning) that contribute to the degradation of the air quality on a global 
scale. The emission of trace gases like nitrogen oxides (NOx), methane (CH4), 
chlorofluorocarbons (CFC´s), carbon dioxide (CO2), carbon monoxide (CO), sulphur dioxide (SO2) 
and other hydrocarbons compounds resulted in several environmental changes mediated 
through the chemistry of the atmosphere. These changes have direct impact on the 
environment and currently we are facing their consequences. Some of these changes include 
(IPCC 2007; WMO, 2003; Brasseur et al., 1999): 
 
• the rising in global mean temperature (enhancement of the greenhouse effect) resulting 
from increasing emissions of CO2 and other greenhouse gases, 
• global increase of atmospheric pollution, 
• the increasing of the concentration of tropospheric oxidants and impacts on the 
biosphere and human health, 
• depletion on the stratospheric ozone over Antarctica during austral spring and ozone 
mini-holes at the mid-latitudes that cause an increase in UV-B radiation and impacts on 
living species, 
• occurrence of acid precipitation and their impact on the biosphere, 
• changes in the self-cleaning capability of the atmosphere and in the residence time of 
anthropogenic trace gases, 
• land use and its impact in environment, 
• perturbations of the biogeochemical cycles. 
 
By the mid-1990s the attention of the world community has become focused on new range of 
global environmental problems. Maybe triggered by the discover of “Ozone Hole” in Antarctica 
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in 1985, the human community in general become more conscious of environmental questions 
that started to arise like the climate change and (at the time) possible global warming. With the 
beginning of the twenty-first century the awareness of these problems by the majority of 
people, leads to the concerning about quality of life. The increasing interest on the study of 
those problems is related mainly with their adverse effects on health and ecosystems (Zabalza 
et al., 2007; Zujic et al., 2009). 
The rapid acceleration of the concern about those questions led to real advances in related 
technologies for the acquisition and processing of environmental data in “real or near real-
time”, even from remote locations. This progress provides the assessment of data related to the 
atmosphere and climate, like trace gases and aerosol concentration and clouds, besides the 
dynamic and meteorological information of the atmosphere (Laj et al. 2009). Nowadays the 
monitoring of the atmosphere is carried on by means of ‘in-situ’ and Remote Sensing (RS) 
measurements obtained from ground-based instruments, balloons, airborne or satellite based 
equipments. The data-sets acquired with all these instruments and sensors enable the 
monitoring of the atmosphere and can be kept for present and future prospect studies. In a so 
complex system as the Earth’s Atmosphere compared by Seinfeild et Pandis, 2006 “to an 
enormous chemical reactor in which a myriad of species are continually being introduced and 
removed over a vast array of spatial and temporal scales” the need of short and long term 
observations are evident since atmospheric processes are still far from being entirely 
understood. 
In 1924, Gordon Dobson (25 February 1889 - 11 March 1976) developed the first instrument 
that allowed for the measurements of atmospheric total ozone: the Dobson 
Spectrophotometer. Dobson is globally recognized as a great scientist not only for the invention 
of the equipment with his name, but also for the idea he had to establish a network of these 
kind of instruments. During the winter of 1925/26 he built the equipment that was installed at 
the Arosa observatory (Switzerland) known for more than 80 years of continuously 
measurements. Nowadays a network of about 90 Dobson Spectrometers are spread all over the 
world taking trust worthy measurements for the WMO's global ozone observing network run as 
part of the Global Atmosphere Watch (GAW). Currently, other ground based spectrometers fully 
automatic are operating around the world (Meena, 2009) and the reference instrument for 
ozone measurements is the Brewer spectrometer that basically is the automated version of the 
Dobson equipment. 
With the development of Dobson´s spectrometer the atmospheric inverse problems emerge 
consequently. At the beginning, the measurements made by Dobson were based on the 
absorption of solar UV light and he was able to retrieve O3 total column contents. Approximately 
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10 years later, Götz realized that it was possible to obtain the vertical distribution of that gas by 
measuring the Rayleigh scattered sunlight from the zenith sky with the same spectrometer. It 
was the first stone on the development of the so-called Umkehr method (from the German 
reversal method) (Mateer,1964) for which several scientists contributed for with a huge success. 
Nevertheless, in the last years, with the appearance of large computers, the launching of earth 
orbiting satellites observing the atmosphere from outside, the development of new instruments 
and the improvements of remote sensing techniques the inversion problems received more 
attention (Twomey, 1996). One of the first efforts to determine the vertical distribution of the 
temperature in the atmosphere was proposed by Kaplan using satellites as a function of 
wavelength and later developed by Wark and Yamamoto (Ferral, 2011). In the beginning of 
atmospheric satellite era the vertical profiles of several gases and aerosols began to be retrieved 
using the Stratospheric Aerosol and Gas Experiments (SAGE). Several instruments onboard 
satellites followed such as Global Ozone Monitoring Experiment (GOME), SCanning Imaging 
Absorption spectroMeter for Atmospheric CHartographY (SCIAMACHY) and Ozone Monitoring 
Instrument (OMI) using inverse methods for the same purpose.  
This work is inserted in the thematic of climate change as well as of air quality since trough the 
monitoring of trace constituents in the entire atmospheric column it is possible to infer the 
temporal series of total columns and vertical profiles of trace gases and their changes for a 
chosen temporal period. 
Trace gases are known for their minor concentrations in the atmosphere, but their major role in 
it. This work is focused on the monitoring of ozone and nitrogen dioxide, which are key species 
in both stratospheric and tropospheric chemistry. The observations are performed with a UV- 
VIS ground based spectrometer known as SPATRAM (SPectrometer for ATmospheric TRAcers 
Monitoring).  
1.2  Motivation  
 
The main motivations for conducting this work were: 
• the importance of monitoring the trace compounds in the atmosphere;  
• the lack of atmospheric chemistry measurements in the south of Portugal and the need 
for such measurements taken automatically on a routine basis;  
• the inexistence of long term studies of total atmospheric column and vertical profiles of 
NO2 and O3, using ground based spectrometers in Portugal. There are several studies 
focusing the air quality monitoring in urban areas conducted by researchers of the 
University of Aveiro and University of Porto. The published studies are centered in the 
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in-situ monitoring of trace gases at the surface, such as tropospheric O3, NO2, Volatile 
Organic Compounds (VOCs) and Particulate Matter (PM) (Mendes at al., 2008; Alvim-
Ferraz et al., 2005; Monteiro et al., 2007; Evtyugina et al., 2006) and in the direct relation 
with human health impacts (Sousa et al. 2009; Sousa et al., 2008). 
• the improvement and use of the SPATRAM equipment. In Portugal there are only 
available 2 Brewer spectrophotometers installed in Funchal (Madeira Island) and in 
Angra do Heroísmo (Azores islands) and a Dobson spectrometer which is deactivated at 
the moment. Their data are available at the World Ozone and Ultraviolet Radiation Data 
Centre (WOUDC) platform 
(http://www.woudc.org/data/MetaQuery/metaquery_e.cfm) but just until 2003. The 
Ozone profiles are only taken by the Instituto Português do Mar e da Atmosfera (IPMA) 
with balloons sondes. The Agência Portuguesa do Ambiente (APA) also supplies the NO2 
and O3 measurements but only at the surface (available at 
http://qualar.apambiente.pt/). 
• the fact that Portugal is one of the regions of the European countries with the highest 
insolation which is a key quantity relevant in  the tracers photo-chemistry;  
• the fact that the south of Portugal presents clear sky conditions for early spring to 
autumn which favours the frequent observations using RS instruments. 
1.3 Objectives 
 
The main objectives of this work are addressed to the improvements of the algorithms utilized 
to invert the spectral measurements of the SPATRAM instrument aiming to increase the 
accuracy and the confidence in the retrieval of: 
• total column concentrations of  NO2, O3 and BrO and comparison with satellite data, 
• vertical profiles of stratospheric NO2 (from 10- 50 km), with a vertical resolution of  2.5 
km, 
• vertical profiles of tropospheric NO2 (from the ground till to 2 km of altitude), with a 
vertical resolution of 250-300 m , 
over  Évora - Portugal (38.6ºN, 7.9ºW, 300 m a.s.l.) for the period comprised between 2007-
2011. Furthermore, the synergy between the SPATRAM observations and a dynamical model 
allowed for the identification of anthropogenic pollution events in the city due to air mass 
circulation from sites with high pollution loads. 
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1.4 Thesis structure 
 
This thesis is divided in 6 chapters.  
The present composition and structure of the atmosphere is described briefly in chapter 2. In 
the same section the basic principles of the atmospheric chemistry for ozone, nitrogen dioxide 
and bromine oxide are presented. Some key aspects of the role of these compounds in the 
atmospheric processes and some chemical cycles (in particular for ozone) are described. 
In chapter 3 a brief description of the absorption and scattering processes in atmosphere is 
presented giving emphasis to the interactions of the gaseous compounds with the solar 
radiation in UV-VIS bands.  
The overview of the remote sensing techniques is given in the first section of chapter 4, followed 
by the descriptions of the ground-based spectrometer (SPATRAM) and of the satellite borne 
equipment’s (OMI, SCIAMACHY, GOME, GOME-2) used in this work. The last sections of chapter 
4 deal with the spectroscopic technique (DOAS – Differential Optical Absorption Spectroscopy) 
for the retrieval of the mean content of trace gases along an optical path (SCD – Slant Column 
Density) from the spectral radiation measurements carried out with the ground based 
instrument.  The DOAS-Master-Equation is derived and the radiative transfer models for the 
interpretation of the outputs of the DOAS algorithms are presented. Also the inversion methods 
for the retrieval of the vertical profiles for the studied trace gas using the SCDs values and the 
output of the radiative transfer models are presented and explained in detail. 
The results of this study are presented in chapter 5 in terms of trace gases (O3, NO2 and BrO) 
variability, air quality monitoring, and vertical distribution of NO2. In addition, comparisons of 
the ground-based results with data obtained with similar satellite borne equipment are shown 
and discussed. The outlook is presented in chapter 6 as well the future work that can be 
developed in this field.  
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2. Chemistry of atmosphere: the role of 
ozone and nitrogen dioxide 
 
2.1 Introduction 
 
The terrestrial atmosphere is a thin layer of gases that surrounds the planet and separates 
Earth’s surface from space. The atmosphere has several roles in order to support life like the 
maintenance of temperature, the protection of the earth’s surface from radiation, the removal 
of some oxidant gaseous compounds and the redistribution of heat and water. This chapter 
presents some aspects of atmospheric dynamics and composition giving emphasis to the role 
and to the chemistry of ozone and of nitrogen dioxide in the troposphere and stratosphere.  
2.2 Atmospheric composition and structure 
2.2.1 Atmospheric composition 
 
Presently the Earth’s atmosphere is composed by a mixture of gases, water vapour and aerosols. 
The most abundant species in atmosphere are nitrogen (N2), and oxygen (O2). These gases as 
well as noble gases like Argon (Ar), Néon (Ne), Helium (He), Krypton (Kr) and Xenon (Xe) 
represent permanent gases which are characterized by their almost constant mixing ratios in 
time and space over short time scales. Most of these gases are situated in a region under 100 
km called homosphere. Table 2.1 presents the permanent constituents of dry "unpolluted" air 
and their mixing ratios in the atmosphere. 
 
Table 2.1 - Permanent gases in atmosphere and their mixing ration volume in dry unpolluted air (adapted from 
Brasseur et al., 1999). 
 
Constituent Symbol Volume Mixing ratio(VMR) 
VMR VMR in ppmv 
Nitrogen N2  0.7808 780.0 
Oxygen O2 0.2095 209.5 
Argon Ar 9.300 x10-3 9.300 
Neon  Ne 18.18 x10-6 18.18 
Helium He 5.240 x10-6 5.240 
Krypton Kr 1.100 x10-6 1.100 
Xenon  Xe 0.9000 x10-6  0.9000 
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The minor part of the atmosphere is composed by several other substances called trace gases. 
Despite their low concentration in atmosphere they have a very high impact in atmospheric 
chemistry and climate. Their mixing ratios vary in time and space, although they constitute only 
~0.04 % by volume of the atmosphere. For example, trace gases have significant roles in the 
transmission of solar and terrestrial radiation and in biogeochemical cycles that restrict the 
atmospheric lifetime of other gases. 
Table 2.2 summarizes the volume mixing ratios of trace gases in atmosphere. 
 
Table 2.2 - Trace gases in atmosphere and their mixing ration volume in dry unpolluted air (adapted from Brasseur 
et al., 1999). 
 
Constituent Chemical formula Volume  Mixing ratio 
Carbon dioxide CO2 360 ppmv 
Methane CH4 1.7 ppmv 
Hydrogen H2 0.55 ppmv 
Nitrous oxide N2O 0.31 ppmv 
Carbon monoxide CO 50-200 ppbv 
Ozone (troposphere) O3 10-500 ppbv 
Ozone (stratosphere) O3 0.5-10 ppm 
VOC which include non-methane 
hydrocarbons (NMHC) and 
oxygenated NMHC (e.g. alcohols, 
aldeydes and organic acids) 
Isoprene, terpene, C2H6, C3H8, 
C4H10,C2H4,C3H6,C2H2,benzene (C6H6), toluene 
(C7H8) 
5-20 ppbv 
Halocarbons  CFC´s 3.8 ppbv 
Nitrogen species NOy (= NO, NO2,...) 10 ppt - 1 ppm 
Ammonia NH3 10 ppt- 1 ppb 
Hydroxyl OH 0.1 ppt- 10 ppt 
Sulphur dioxide SO2 10 ppt- 1 ppb 
 
Figure 2.1 shows a close distribution of the mixing ratio of some atmospheric constituents 
depending on the altitude. In that figure the N2 and the noble gases are not represented (with 
the exception of Argon). The N2 mixing ratio distribution function should be similar to O2 profile 
but starting at sea level with a value of ~0.78. 
Other important atmospheric constituents are aerosols which are small particles of liquid or 
solid matter dispersed and suspended in air as for example, water droplets, dust or soot 
particles. Their sizes range from 0.001 to 1000 µm.  The major aerosol species in the atmosphere 
are nitrate, sulphate, black carbon, organic carbon, sea salt and mineral dust. Aerosols have 
many roles in the atmospheric chemistry like interactions with radiation and cloud condensation 
nuclei. 
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Figure 2.1 - Typical vertical distribution of the concentration of chemical atmospheric constituents under about 120 
km (from Liou, 2002.) 
 
2.2.2 Atmospheric vertical structure  
 
The thermal structure of the atmosphere, up to approximately 120 km, can be divided in four 
layers characterized by different vertical temperature gradients: troposphere, stratosphere, 
mesosphere and thermosphere (Fig.2.2). The regions are separated by boundaries called 
pauses: tropopause, stratopause and mesopause, respectively.  
 
                  
Figure 2.2- Temperature variation in Earth’s atmosphere (from Platt & Stutz, 2008). 
 
The troposphere is the first layer which extends from the surface up to about 6-8 km near the 
poles, 12 km at mid-latitudes and to 18 km at the equator, depending on the water vapour 
content present in this layer. The troposphere can be sub divided into: i) Planetary Boundary 
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Layer (PBL) which extends from surface till 1-2 km (depending on the time of the day and 
meteorological conditions); ii) the free troposphere located between the PBL and the 
tropopause. The troposphere contains about 85-90% of the atmospheric mass and its 
temperature profile is mainly explained by the adiabatic expansion and compression of 
respectively rising and sinking air masses, driven by solar radiation. In this layer occurs all the 
meteorological phenomena (like rain, snow and wind formation) which are a result of its 
negative temperature gradient (-5 to -10ºC/km) that originates a region of convective and 
turbulent mixing. The vertical transport of chemical compounds in the troposphere is controlled 
by strong vertical mixing (including convection) whereas in the stratosphere this vertical mixing 
is absent.  
The stratosphere is located above the tropopause, which is a layer with a fairly uniform 
temperature (no change of temperature with altitude) of about 40 km depth, and extends up to 
50 km. This level contains 90% of the atmospheric ozone located in a stratum generally referred 
as “ozone layer” and the vertical temperature is constant till ~20 km and then increases till the 
stratopause. The absorption of UV radiation by ozone causes temperature rising with altitude in 
this region. The vertical gases transport in the stratosphere is controlled by the Brewer- Dobson 
circulation. This circulation was first proposed by Brewer (1949) and Dobson (1956) and consists 
of a global scale air movement in the stratosphere. This movement is composed by three parts: 
a) air rises in the tropics from the troposphere into stratosphere b) and then moves poleward in 
the stratosphere and finally c) descends in both the stratospheric middle and polar latitudes 
(Forster et al., 2010; Butchart et al., 2006; Roscoe, 2006). 
The mesosphere is located between the top of the stratopause and extends till 90 km altitude. 
In this layer the temperature decreases with height due to similar processes as in the 
troposphere. In the thermosphere, above the mesopause, the temperature increases to 
maximum values. Like in stratosphere, there are positive temperature gradients in this layer that 
indicate that there is a heat source inside the thermosphere which is due to the absorption of 
the short wavelength solar radiation (UV) by atoms and molecules (mainly oxygen) and by the 
accumulation of energy and matter resulting from interstellar dust and coronal mass ejection.  
The pressure and density of air decrease with altitude. The pressure of Earth’s atmosphere 
obeys the barometric equation (Eq.2.1) and falls exponentially as a function of height as shown 
in Figure 2.3. At higher altitudes (z), the atmospheric pressure (p(z) ) varies as follows:                                
                                                                       zepzp RT
Mgz

 0)(                                                           (2.1) 
where M is the air mean molar mass (0.02897 kg mol-1), g is the acceleration of gravity  
(9.8 ms-2), and zs is the ‘scale height’ of the atmosphere (~ 7 1 km). 
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Figure 2.3- Variation of atmospheric pressure in Earth’s atmosphere  with altitude in the Earth’s atmosphere for 
tropical regions, mid latitudes in summer and winter, and high latitude sub arctic summer and winter (from 
Burrows et al., 2011). 
2.3 Trace gases in the atmosphere 
 
The atmospheric distribution of trace gases is conditioned by atmospheric transport, dispersion, 
photochemical reactions and physical removal of these gases. As a consequence, the 
composition of the atmosphere is directly affected by the balance between addition and 
removal of its components.  
Gases are produced by a) chemical processes in the atmosphere, b) biological activity (exchanges 
with vegetation, biological organisms and ocean), c) volcanic activity, d) radioactive decay, e) 
human activities. Gases are removed from the atmosphere also by a) chemical processes in the 
atmosphere and b) biological activity as well as c) physical processes in the atmosphere, d) 
deposition (wet and dry deposition) and e) uptake by the oceans and land masses. 
The lifetime of the species is also an important factor taking into account in the removal of gases 
from the atmosphere. The lifetime is the time period during which the species stay in 
atmosphere before their removal. There are species that reside in the atmosphere just a few 
seconds (e.g. OH) whereas others can last for several years (e.g. CFC´s) (Figure 2.4). It is also 
important to take into account the spatial scales of the atmospheric motions in addition to the 
removal processes. The atmospheric phenomena can occur in spatial scales varying from 0-100 
m (microscale events like urban air pollution), ten to hundreds of kilometres (mesoscale events 
like land-sea breezes, regional air pollution), hundreds to thousands of kilometres (synoptic 
scale events like motions of whole weather systems, stratospheric ozone depletion) and large 
scale events  that exceed the 5000 km (global scale/planetary events) (Fig. 2.4). 
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Figure 2.4- Spatial and temporal scales variability of some atmospheric gases (from Platt & Stutz, 2008). 
 
Concerning to air monitoring it is important to acknowledge sources and sinks of the gaseous 
and particulate components which are emitted to atmosphere. Most of the species considered 
air pollutants have natural and anthropogenic sources according to the type of sources involved 
in gaseous emissions. Natural emission of gases includes the following sources: a) volcanic 
emissions, b) thunderstorms / lightning, c) soil emissions, d) vegetation emissions, e) biomass 
burning and f) marine emissions. Anthropogenic emissions are directly related to human activity 
and include: a) industrial processes, b) fossil fuel and biofuel combustion (e.g. traffic related to 
vehicles  exhausts, power plant stations, c) biomass burning (e.g. deforestation, biomass stations 
VOCs, CO and NOx), d) agriculture practices (e.g. agricultural land, animals, agricultural waste 
burning). 
The atmospheric traces constituents can be classified according to their chemical composition 
in small groups: sulphur, nitrogen, carbon and halogen containing compounds. The sources, 
sinks and lifetimes of the most important trace substances are presented in Table 2.3.  
 
 
 
 
 
 
 
 
13 
 
Table 2.3 - Tropospheric major sources, mixing ratios in clean atmosphere, major sinks and atmospheric lifetime of 
some nitrogen, sulphur, carbon, nitrogen and halogen atmospheric compound species  (adapted from Brasseur & 
Solomon, 2005; Platt & Stutz, 2008). 
Gas Chemical 
Formula 
Mixing Ratios Major Sources Major Sinks Atmospheric 
lifetime 
  Nitrogen coumpounds 
Nitrous oxide N2O  310 ppb (Tropical) Soil emission , ocean emission, 
anthropogenic (mainly from artificial fertilizers and 
chemical industry) 
 
Loss to stratosphere 110 yr 
Nitrogen oxides 
 
NO 
NO2 
0.03 - 5 ppb Fossil fuel combustion, biomass burning, soil 
emission, microbial production, thunderstorms, 
aircraft emissions 
Oxidation by OH, O3 and 
HNO3 
~2d 
Amonia NH3 ~0.1ppb marine 
~5 ppb continent 
Livestock wastes, emission from vegetation, ocean 
emission, fertilized soils, modern cars with 
catalytically converters. 
Dry deposition, 
conversion to NH4+ 
aerosol. 
~5 d 
Sulphur compounds 
Sulphur dioxide SO2 0.02-0.09 ppb 
marine 
0.1-5 continent 
 
Fossil fuel burning, volcanoes, sulphide oxidation Dry deposition, reaction 
with OH, liquid phase 
oxidation to SO4 =+wet 
deposition  
~4 d 
Hydrogen sulphide H2S 0.005-0.09 ppb Soil emission, vegetation, volcanoes Reaction with OH ~3 d 
Dimethyl sulphide 
DMS 
CH3SCH3 0.005-0.1 ppb Soil and ocean emissions Reaction with OH, NO3, 
BrO 
~2 d 
Carbonyl sulphide COS 0.5ppb Soil emission Uptake by vegetation 7 yr 
Carbon containing species 
Carbon dioxide CO2  Combustion, ocean, biosphere   
Methane CH4 1700 ppb Rice fields, domestic animals, biomass burning, 
fossil fuel consumptions, swamps 
Reaction with OH, 
export to stratosphere, 
Soil uptake 
~8 yr 
Carbon monoxide CO 200 ppb (N. 
Hemisphere) 
Anthropogenic emission- fossil fuels, biomass 
burning, CH4  and  natural VOC oxidation 
Reaction with OH, Flux 
to stratosphere, soil 
uptake 
 
VOC  
alkanes ~40-45%, 
alkenes ~10%, 
aromatic 
hydrocarbons ~20% 
and oxygenates 
~10-15% 
Isoprene (C5H8) 
Terpenes (C10H16) 
etc. 
0.6-2.5 ppb 
0.03-2 ppb 
Emission for deciduous trees 
Emission for coniferous trees 
Fossil fuel (emissions from motor vehicles due to 
either evaporation or incomplete combustion of 
fuel), biomass burning, foliar and ocean emission  
Reaction with OH, 
ozonolysis 
~0.2 d 
~0.4 d 
Halogens compounds (some examples) 
Chlorofluorocarbons, (CFC) 
Hydrohlorofluorocarbons(HCFC) 
Hydrofluorcarbons (HFC) 
    Anthropogenic (their production is now banned, 
except for HFC) 
- - 
Halons (bromine and fluorine compounds)  Anthropogenic (their production is now banned) - - 
Methyl cloride CH3Cl ~550 ppt (Brasseur 
et al.,1999) 
Industrial processes, biomass burning, oceans, 
wetlands and wood-rot fungi, tropical and 
subtropical forests (Rhew, 2011) 
oxidation by hydroxyl 
and chlorine radicals as 
the dominant sink, 
followed by loss to polar 
ocean waters and 
degradation in soils 
1 yr (Rhew, 2011) 
Methyl bromine CH3Br 10-15 ppt  
(Brasseur et al., 
1999) 
Biological activity in the ocean,  emissions from 
fumigation(soils, quarantine and reshipment), 
surface oceans, biomass burning, exhaust from 
automobiles using leaded gasoline combustion, 
wetlands, brassica crops, and fungus (Cox et al., 
2005; Rhew, 2011) 
oxidation by hydroxyl 
radical, followed by 
chemical and biological 
degradation in the 
oceans and 
biological degradation in 
soils 
0.8yr (Rhew, 2011) 
Methyl Iodine CH3I ~1-10 ppt (Brasseur 
et al.,1999) ~1-3 
ppt and 10-40 ppt 
(Cox et  al., 2005) 
Ocean emissions (Voght et al., 1998), biomass 
burning, rice paddies, soil bacteria (Youcouchi et 
al., 2008), rice production and peatland/wetland 
ecosystems (Cox et al.,2005) 
  
3-5 d (Cox et al., 
2005) 
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2.3.1 Ozone and nitrogen oxides chemistry 
 
O3 and NOx are key compounds in the chemistry of Earth´s Atmosphere since they are involved 
in several atmospheric phenomena. The next sections present the role of these gases in the 
atmosphere as well as the chemistry involved in their sources and sinks and in their cycles of 
formation and destruction. 
2.3.1.1 Nitrogen oxides - NOx 
 
The most important reactive species in the atmosphere composed by nitrogen are: nitrogen 
atoms (N), nitrous oxide (N2O), nitrogen oxides (NOx= NO+NO2), nitrate radicals (NO3), dinitrogen 
pentoxide (N2O5), nitric acid (HNO3), nitrous acid (HONO), peroxynitric acid (HO2NO2), peroxyacyl 
nitrates  (RC(O)O2NO2  like for example the perxyacetyl nitrate (PAN)), organic nitrates (RONO2), 
halogen nitrates (XONO2, X=Cl, Br). These compounds interact, react and interconvert in the 
atmosphere and therefore affect its chemical composition. The scope of this work is limited to 
the role of NOx chemistry that involves some of these compounds.  
With respect to nitrogen oxides, often referred as NOx, they are central compounds in the 
atmosphere due to their particular characteristics: a) the high reactivity and as consequence a 
relatively short lifetime and b) the role played in chemical reactions and catalytic cycles involving 
ozone and hydroxyl radical (OH).  
The main motivations for the monitoring and the study of the NOx compounds are related to 
their link to ozone and hydroxyl radicals chemistry and the real impacts provoked by the changes 
in their distribution and concentration, such as (Boersma, 2005; Lammel and Cape, 1996, 
Lindvall, 1985; WMO, 2003): 
• catalytic destruction of ozone by NOx in the stratosphere, 
• photochemical production of ozone by NOx in the troposphere in polluted or unpolluted 
atmospheres, 
• influence on the photochemical derivative hydroxyl concentrations, therefore NOx, being 
a major regulator of the oxidising capacity of the free troposphere by controlling the 
concentrations of radical species like OH, 
• surface acidification and eutrophication by nitrogen deposition, 
• effects caused in human health. 
The NOx (in particular NO2) exposure can cause inflammation on airways, reduce immunity to 
respiratory infections increasing the susceptibility to respiratory infections. The sensitivity 
increases for persons with chronic respiratory conditions (e.g. with asthma) and depends on the 
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time and concentrations to which people are exposed to (WHO, 2011; Ehrlich et al., 1977). NO2 
is also the main source of nitrate aerosols which form an important fraction of PM2.5 particulate 
matter that also have impact on health. 
2.3.1.2 Ozone – O3 
 
Ozone has a dual role in the atmosphere chemistry. While the tropospheric ozone is known as 
the “bad ozone” for the links to air pollution and for the capacity of unbalance the global climate 
system, the stratospheric ozone is known for being the “good ozone” for protecting life. The 
different roles of tropospheric and stratospheric ozone are presented forthwith. The formation 
mechanisms of tropospheric and stratospheric ozone are different in those atmospheric layers: 
tropospheric ozone formation is influenced by anthropogenic emissions; stratospheric ozone is 
formed by natural processes. 
Ozone plays an important role in controlling the chemical composition of the atmosphere 
especially due to the fact that it is a primary source of the hydroxyl radical (OH). Therefore ozone 
regulates the tropospheric oxidation strength by means of OH formation. The photolysis of 
ozone near 300 nm followed by reaction with water leads to production of OH. In addition ozone 
has a negative effect on human health and ecosystems also since it is a strong oxidant. It is a fact 
that elevated levels of tropospheric ozone are observed in industrialized countries therefore 
ozone is a well known pollutant, for being a component of smog. This gas is also an important 
greenhouse gas due to its strong absorption band centered at 9.6 µm (IR) particularly in the 
upper troposphere (Brasseur et al.1999, Lacis et al., 1990). It is considered one most important 
greenhouse after water vapour (H2O) carbon dioxide (CO2) and methane (CH4) (Zeng et al., 
2008). Because ozone absorbs IR radiation it also plays an important role in the energy budget 
of the troposphere (Platt & Stutz, 2008; Brasseur et al., 2001) influencing the thermal structure 
of the atmosphere through long wave absorption. In summary tropospheric ozone is considered 
poisonous, pollutant to humans, animals and plants and have impact on the thermal structure 
of the atmosphere.  
In the stratosphere ozone has different roles: a) it is responsible for the majority of the 
absorption of ultraviolet radiation (UVA and UVB) (above 220nm and from 240 to 320 nm, 
respectively) harmful for animals and plants (Brasseur et al., 1999), b) heating of the middle 
stratosphere after the absorption of UV-VIS solar radiation playing also a role in the thermal 
structure of atmosphere by shortwave absorption (Fortuin et Kelder, 1998).  
The changes in UV radiation amount reaching Earth surface are not only a result of O3 depletion, 
but it is also due to other factors like for e.g. the clouds or forest coverage. Solar UVB radiation 
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has increased in consequence of stratospheric O3 depletion. Although UV radiation promotes 
the synthesises of vitamin D, it can be negative for human health inducing skin cancer 
(melanoma, non-melanoma skin cancers), eye damages (cataract, pterygium, aged-related 
macular degeneration, ocular melanoma) and immune system (mechanisms of UV-induced 
immunosuppression) (Norval et al., 2011). The UV radiation has also effects on materials by 
accelerating the degradation of plastics, rubber and wood materials (Andrady et al., 2011), and 
on terrestrial ecosystems. For e.g. UV radiation can also induce changes in leafs that occur at 
plant level (Ballaré et al., 2011; Aucamp et al. 2011) and in aquatic ecosystems can lead to 
detrimental of phytoplankton, fish eggs and larvae and zooplankton (Aucamp et al. 2011).   
Usually the atmospheric ozone amount is presented as Total Ozone Column (or Vertical Column 
Density- VCD) and is equal to the amount of ozone contained in a vertical column having a base 
of 1 cm2 at Standard Temperature and Pressure (SPT). Normally this concentration is expressed 
in Dobson Unit, which is the basic unit used in ozone measurements. One Dobson Unit (DU) is 
defined to be 0.01 mm thickness at SPT and corresponds to 161069.2  molecules cm-2. Other 
usual units which are used are part per billion (ppb) and 3/ mg . 
The global amount of ozone is considered constant. If it would be possible to compress all the 
ozone present in troposphere and stratosphere all over the world the result would be a layer of 
ozone approximately with ~3mm. This corresponds to ~300 DU. 
The vertical distribution of ozone along the column is not uniform. Although the global amount 
of ozone is approximately constant, the geographic distribution of this gas depends of several 
factors. For example the concentration of stratospheric ozone present in the atmosphere 
depends on the altitude, season, temperature, changes in the stratospheric circulation, eleven 
year solar cycle, long term climate variability, large volcanic eruptions and Arctic and Antarctic 
ozone depletion (Harris et al., 2008). 
 Total ozone varies with latitude, actually the major ozone production occurs in the tropical 
stratosphere because this region is exposed to a greater intensity of solar radiation (in summer 
months). However due to the Brewer-Dobson circulation highest values of ozone are found in 
mid and high-latitudes, since ozone is transported from tropics to poles as a result of the 
poleward transport of ozone-rich air masses in the stratosphere. So the highest values are found 
in mid and high-latitudes while the lowest values are found in the tropics, with the exception of 
the ozone hole phenomenon, as illustrated in Fig. 2.5.  
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Figure 2.5 - Global distribution of Total Ozone (DU) varying with latitude and time of the year (from http://exp-
studies.tor.ec.gc.ca/e/ozone/Curr_map.htm). 
 
 Total ozone also varies with season. For mid-latitudes the highest values for ozone are observed 
during spring and the lowest in the autumn season (Fig. 2.5). During late fall and winter the 
transport of ozone from tropics toward the polar regions is higher than the same transport made 
during summer and early fall. As a consequence the maximum values of ozone are found in 
spring. In the Southern Hemisphere (SH) the values of ozone are overall weaker than the ones 
registered in the Northern Hemisphere (NH). In the polar regions the situation is different 
because during the summer (thanks to the period of 24h insolation time) the total ozone column 
is almost  constant; towards the winter months, with the decreasing of the solar radiation the 
total ozone decreases gradually until its lowest values in  late fall.  
From the analysis of Fig. 2.6 it is possible to verify that in the Arctic the ozone values increase 
from the end of the winter till spring, where a maximum is reached, then decreasing again from 
summer to fall. 
                      
                      
Figure 2.6 - Arctic total ozone (DU) varying with the time of the year from http://exp-
studies.tor.ec.gc.ca/e/ozone/Curr_map.htm. 
a b 
d 
c 
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 In Antarctica the lowest values are registered in the austral spring as a result of the ozone hole 
phenomena (Figs. 2.5.c, 2.7). In conclusion ozone has a seasonal behaviour determined by the 
winter-summer changes in the stratospheric circulation.  
        
        
Figure 2.7 - Antarctica total ozone (DU) varying with the time of the year from http://exp-
studies.tor.ec.gc.ca/e/ozone/Curr_map.htm. 
 
There is also an inter annual variability in stratospheric ozone amounts since the meteorological 
conditions and the dynamics in stratosphere and troposphere change each year. These changes 
can also be linked to the 11-year solar cycle and to the amount of volcanic aerosols reaching the 
stratosphere (Grainger and Highwood, 2003; Koike et al., 1993; Bien & Zender, 2003; Andreae 
& Cruzten, 1997; Liao & Seinfeld, 2005). There are also local changes in ozone concentrations 
originated from the release  of anthropogenic pollutants, like for example the ozone depletion 
in Antarctica (Solomon, 1999) or the occurrence of Ozone Mini-holes (OMs) in mid-latitudes, in 
both hemispheres on winter and early spring (Antón et al., 2007; Iwao & Hirooka, 2006; Martinez 
et al., 2011; Krzyscin, 2002). This statement is also valid for tropospheric ozone where its 
concentration shows a high variability both in space and time due to ozone residence time and 
the location of sources and sinks of ozone. 
2.3.2 Stratospheric O3 
 
In the stratosphere, above ~30 km altitude from ground, O2 molecules are split by short-wave 
UV radiation (< 242 nm) (R. 2.1) into O atoms which combine with O2 to form O3 (R. 2.2) This 
process is the kernel of the Chapman Cycle proposed by Sydney Chapman in the 1920s  He also 
predicted that the maximum of ozone was situated around ~20 km altitude. The latter 
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mechanism starts with the photolysis of oxygen molecules (R. 2.1.) for radiation with 
wavelengths below 242 nm. 
                                       )()( 33)242(2 POPOhO
nm                                                          (R.2.1) 
After that reaction oxygen atoms (O (3P)) can: a) combine with an oxygen molecule to form 
ozone with the collision with a third body (M)  that can be N2 or O2 (R. 2.2); b) can react with an 
existing ozone molecule (R. 2.3 ) or c) combine with other oxygen atoms to form O2 (R. 2.4). 
                                      MOMOPO  32
3 )(                                                                 (R.2.2) 
                                      
223
3 )( OOOPO                                                                           (R.2.3) 
                                    MOMPOPO  2
33 )()(                                                                 (R.2.4) 
The photolysis of O3, as described in reaction R. 2.5, also provides the O atoms at a much higher 
rate than R. 2.1. This molecule absorbs radiation and break down in O and O2. 
                                        
2
3)612(
3 )( OPOhO
nm               Chappius bands                       (R.2.5) 
                                       
2
1)320(
3 )( ODOhO
nm               Hartley bands                           (R.2.6) 
Consequently O(1D) is converted almost instantaneously to ground- state O(3P) by collision with 
the body M : N2 or O2,  according to R. 2.7. 
                                         MPOMDO  )()( 31                                                                   (R.2.7) 
In summary reactions R. 2.5 and R.2.6, result in ground-state O atoms production. To complete 
the Chapman mechanism, O and O3 react to form O2 molecules by R. 2.8. 
                                          
23
3 2)( OOPO                                                                                (R.2.8) 
For the above reactions it is necessary to account for their different timescales. More 
information about this issue can be found in literature (Seinfeld & Pandis, 2006). The set of 
reactions above presented, explains the steady state of O3 concentration in the atmosphere in 
which the production of O atoms is in balance with their destruction. 
During the 1960s, studies revealed that some other chemical reactions were taking place in the 
atmosphere beyond the “Chapman Reactions”. In fact his theory did not considered two 
processes that occur in atmosphere: a) existence of  the Brewer-Dobson circulation that 
transports ozone from its production location (tropics) to poles and b) other chemical  reactions 
of ozone with gases containing OHx, NOx, ClOx, and halocarbon compounds that contribute to 
ozone loss process. 
These reactions destroy ozone in catalytically reactions that follow the general scheme: 
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                                              XOOXO  23                                                                      (R.2.9) 
                                       XOXOPO  2
3 )(                                                                    (R.2.10) 
                                
23
3 2)(: OOPOnet                                                                               (R.2.3) 
Where X and XO stands for example for NO2, HO2, ClO, ClO2, BrO.. 
2.3.3 Stratospheric NOx 
 
It was only in 1970 that Paul Crutzen (Nobel Prize 1995; born 3 December 1933) clarified the 
role of nitrogen dioxides in the stratospheric ozone chemistry. This was a result of an 
investigation from possible ozone depletion caused by a supersonic aircraft fleet proposed by 
Harold Johnston (Raes, 2012). The interest in the stratospheric role of NOx started with the 
recognition of its role in the destruction of stratospheric ozone and that human activities could 
lead to significant increases in the stratospheric abundance of NO (Cruzten,1979). In fact NO and 
NO2 participate in an important set of catalytically reactions, especially effective above ~24 km 
which destroy ozone (cycle A and B). 
These cycles involve nitrogen oxides via the following reactions: 
 
  Cycle   A                             
223 NOONOO                                                         (R.2.22) 
                                              NOONOO  22                                                        (R.2.23)                 
                                     23 2: OOOnet                                                                             (R.2.8) 
                  
Cycle B                                 
223 NOONOO                                                         (R.2.22) 
                                              
3232 NOOONO                                                                (R.2.24) 
                                            NOOhNO  23                                                          (R.2.25) 
                                           
23 32: OOnet                                                                         (R. 2.21) 
Cycle A is the dominant cycle in the middle stratosphere (~30-40 km), where the NOx budget can 
be altered by increasing the N2O due to anthropogenic influence. N2O is crucial to the production 
of NO in the stratosphere by the oxidation of nitrous oxide (R.2.26) 
                               NODOON 212                                                            (R. 2.26) 
The main source of stratospheric NOx  is nitrous oxide (N2O). This gas is released at Earth´s 
surface where is inert and have a lifetime of about ~120 years, mainly through biological 
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processes although it is also possible some emission during anthropogenic activity. After the 
release of N2O it is transported through the troposphere to the stratosphere. Mainly in the 
middle and upper stratosphere the photolysis or oxidation of N2O into active nitrogen (N2) and 
NO (R. 2.27-2.29) take place. As a consequence about 90% of N2O is removed from this layer due 
to R. 2.27. 
                                             )(
1
2
298
2 DONhON
nm                                                   (R.2.27) 
The remaining N2O is oxidized to NO (R. 2.28-2.29). 
                                               NOONDO 2)( 2
1                       (58%)                                (R.2.28) 
                                                                  22 ON                    (42%)                                   (R.2.29) 
During the day NO and NO2 are in photochemical equilibrium, rapidly converting into each other. 
                                                    
223 ONOONO                                                          (R.2.30) 
                                               )(
3420
2 PONOhNO
nm                                                 (R.2.31) 
There are also other reactions which convert NO in NO2 besides R.2.30-2.31. Some examples of 
this conversion are: 
a) reaction with peroxy radicals (RO2=HO2, CH3O2; RO=OH,CH3O): 
                                           22 NORORONO                                                        (R.2.32) 
b) reactions with ClO and BrO (X=Cl,Br): 
                                              2NOXXONO                                                        (R.2.33) 
Other phenomena like the actions of galactic cosmic rays at high geomagnetic latitudes 
especially in lower stratosphere and Solar Proton Events (SPE) can be pointed as natural source 
of  NOx . Among the NOx anthropogenic sources are the direct injection of NO from the exhaust 
gases of aircraft flying in stratosphere, the injection of nitric oxide in the fireballs of nuclear 
explosions, and man’s agricultural manipulation (Crutzen, 1979).  
During the night all NOx is converted to NO2, NO3 and N2O5 due to lack of sunlight. The production 
of N2O5 takes place entirely at night, due to the reaction between NO2 and NO3.   
                                      MONMNONO  5223                                                          (R.2.34) 
In the presence of sunlight NO3 is rapidly destroyed because it photolyses very rapidly. In the 
morning, with the appearance of light, NO2 and N2O5 undergo photolysis (R.2.35 and R.2.36). 
 
                                     
23
380
52 NONOhON
nm                                                            (R.2.35) 
                                                           ONONO  3                                                         (R.2.36) 
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 N2O5 can also be removed during the day, by collision (R.2.37). 
                                          MNONOMON  2352                                                      (R.2.37) 
Only after approximately 5 years from the discovery of the catalytic destruction of ozone by NOx 
it was found that chlorine species (Cl and ClO) are even more effective in the ozone depletion 
than NOx (Molina & Rowland, 1974). The role of chlorine compounds in the stratospheric ozone 
destruction were discovered due to the works of Stolarski and Cicerone (1974), Molina and 
Rowland (1975). They pointed the similarity of chlorine to the chain reactions of nitrogen oxides 
and explained also the role of Cl and ClO radicals, derived from anthropogenic CFCs, in ozone 
depletion. At the same time the role of the bromine compounds was also found. The industrial 
gases that contained chlorine and bromine compounds included CFCs and HCFCs and halons 
were used in refrigeration, air conditioning systems and fire retardants. Their use was 
widespread.  
Chlorine has also a big role in the depletion of stratospheric ozone leading to the so called 
“Ozone Hole” detected over Antarctica in polar spring months. There are several special 
conditions that trigger the ozone depletion in this area like the presence of certain species like 
chlorine or bromine, the absence of sunlight, temperatures below 190K and the polar vortex.  
The major processes leading to ozone depletion in Antarctica includes a) formation of Polar 
Stratospheric Clouds (PSCs), b) conversion of chlorine reservoirs during the months without light 
c) formation of ClOx and d) catalytical ozone depletion triggered by sun light in the polar spring. 
2.3.4 Tropospheric ozone and nitrogen dioxide 
 
The tropospheric and stratospheric chemistry of O3 and NOx are different due to different 
factors. One example is the wavelength of radiation needed for R. 2.1. reaction which isn’t 
available in troposphere to trigger the ozone formation. Other example can be the low amount 
of O2 present in troposphere which isn’t enough to activate NOx cycles A and B.  
2.3.4.1 Tropospheric NOx   
 
The main role of NOx in troposphere is its involvement in the tropospheric ozone production.  
The major tropospheric sources of NOx are fossil fuel combustion, biomass burning mainly in 
tropical regions and biogenic emissions from soils, due to the natural cycle of N (microbial 
nitrification and denitrification). Other sources of NOx are lightning discharges, emissions of 
aircraft exhausts, stratospheric injections of NOx formed from photolysis of N2O and HNO3, and 
a small contribution from ammonia oxidation emitted by biosphere (Delmas et al., 1997). NOx 
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are also produced by non-combustion industrial processes such as manufacture of nitric acid, 
use of explosives and welding and emitted by indoor sources like tobacco smoking and the use 
of gas-fired appliances and oil stoves (Lindvall, 1985). Presently more than 50% of the NOx total 
emissions are from fossil fuel combustion (originated by power plant, oil refineries, industries, 
vehicular traffic) and from biomass burning (IPCC, 2007) being the majority of these emissions 
located in industrialized and big urban areas. The tropospheric levels of NOx, in the NH, have 
increased over the last century and exceed the natural background levels (~10 ppt) by several 
orders of magnitude in polluted urban areas (up to 1 ppm) (Seinfeld & Pandis, 2006).  
Almost all NOx emitted from combustion processes are released as nitrogen monoxide (NO) and 
converted to nitrogen dioxide in the atmosphere. The mechanism which explains the NOx 
formation during a combustion process includes reaction of nitrogen gas (N2) and organic 
nitrogen from the fuel. Inside the combustion chamber, high temperatures allow oxygen 
thermolysis and the produced oxygen (O) reacts with N2 to produce NO (Delmas et al., 1997). 
                      NNONO  2                                                                           (R.2.38) 
                       ONOON  2                                                                             (R.2.39) 
The same mechanism can be used to explain the NO emissions from lighting (Jacob, 1999). 
Another source of tropospheric NOx is the rapid (~minutes) cycling between NO (primarily 
emitted by sources) and NO2 that occurs in this layer. The reactions are the following: 
                       
22 NOOHNOHO                                                                    (R.2.40) 
                       NOOhNO
O
 32
2                                                                (R.2.27) 
and by the null cycle: 
                            
223 ONOONO                                                                 (R.2.22) 
                        NOOhNO
O
 32
2                                                                 (R.2.27) 
At night there is no light to trigger reaction R.2.27 therefore all NOx is exclusively NO2. For that 
reason NO2 is a result exclusively of R.2.22. In this period some reactions take place in the 
presence of O3. Firstly nitrate radical (NO3) is formed in presence of NO2 and O3 (R. 2.24) 
                                          
2332 ONOONO                                                                    (R.2.24) 
The NO3 radical have also an important role serving as night time sink of certain VOC species like 
phenols, terpenes, etc.. Additionally, the NO3 radical provides a major night time source of nitric 
acid via the formation and hydrolysis on wet surfaces of dinitrogen pentoxide, N2O5: 
                                      MONMNONO  5223                                                          (R.2.34) 
                                      
3252 2/ HNOaerosolOHON                                                   (R.2.41)              
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It is possible to conclude that the last reactions (R.2.34 and R.2.41) act like a sink of NOx at night 
period. During daytime occurs the oxidation of NO2 in HNO3, which can be considered a sink of 
NOx (also consider the R. 2.24, 2.34, 2.41)                              
It is worth mentioning that nitric acid HNO3 is a key component of "acid rain," formed in R.2.42 
as a co-pollutant of ozone.  
                                          MHNOMOHNO  32                                            (R.2.42) 
HNO3 and H2SO4, present in acid rain, are the products of atmospheric oxidation respectively of 
NOx and SO2, emitted mainly from fossil fuel combustion. 
Another removal process (sink) of NOx is deposition. In the lower troposphere NO, NO3 and HNO3 
are removed due to dry deposition (taken up by plants over continents) and HNO3 is scavenged 
by wet deposition. Since HNO3 is very soluble in water, this component is removed mainly by 
precipitation in the troposphere. In the upper troposphere HNO3 is converted in NOx by 
photolysis or reaction with OH (Jacob, 1999).  The excess of NOx deposition stimulate, for 
example, the growth of surface water algae in excess resulting in the phenomenon known as 
eutrophication.  
The outcome of the removal processes of NOx in the atmosphere (R. 2.34, 2.41, 2.42 and 
deposition) is the effect on NO2 lifetime in the PBL and in the free troposphere. NOx has a short 
lifetime (~1 day) in polluted PBL although most of its sources are located at the surface. This is 
mainly due to reaction with OH (R. 2.42). In free troposphere NOx can live for 5-10 days due to 
the fact that the HNO3 deposition trough rainout occurs within days (IPCC, 2001). Therefore the 
small amount of NOx present in the free troposphere has more potential in tropospheric ozone 
formation (see VOC-NOX-O3 system in 2.3.4.3 section).  
In the tropoposphere, NOx can be transported for remote locations through the formation of 
PAN.  PAN is produced in the troposphere, in presence of NOx, by photochemical oxidation of 
carbonyl compounds which are produced by photochemical oxidation of hydrocarbons emitted 
from a variety of natural and anthropogenic sources. This compound is removed by thermal 
decomposition reaction that recycles back NO2 by the following reaction: 
                        
23 )( NOOOOCCHPAN
heat                                                   (R.2.43) 
In the middle and upper troposphere, PAN can be transported over long distances and through 
R.2.43 releases NOx far from its source.  An illustration of this transport is found in Fig.2.8. 
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Figure 2.8 - Sinks of NOx in troposphere (from Jacob, 1999). 
2.3.4.2 Tropospheric ozone 
 
In the 1950's Haagen-Smit proposed that the components of photochemical fog, which includes 
ozone observed in urban sites, could be the result of reactions involving NOx and VOCs or 
NonMethane HydroCarbons (NMHC) emitted by  vehicular engines (Mathes et al., 2005). From 
this suggestion it can be concluded that the ozone precursors are NOx and VOCs in the presence 
of sunlight. However it was assumed till late 1970s that the major source of tropospheric ozone 
has its origin in the stratosphere and was transported through the tropopause reaching the 
troposphere.  Today it is believed that only 10% of stratospheric ozone is transported downward 
to the troposphere, and the major sources of this gas are the products of reactions involving 
NOx, CH4, CO, VOCs.  These gases, called “ozone precursors” tend to accumulate in the PBL of 
urban areas with stable meteorological conditions and, in the presence of sunlight, 
photochemical transformations can take place. The production of pollutants tends to be higher 
in summer months due to the intensity of solar radiation. As result of these reactions other 
harmful products are formed in the atmosphere besides tropospheric ozone like for e.g. 
aldeydes and PAN. Tropospheric ozone amount reaches its maximum in the early afternoon, 
after the morning rush hour where its precursors reacted with each others.  
NO2 has a major role in the tropospheric ozone production since the main mechanism of O3 
formation is the photolysis of NO2 by sunlight (R.2.31 and 2.2). 
                       )(
3420
2 PONOhNO
nm                                                     (R. 2.31) 
                       MOMOPO  32
3 )(                                                          (R.2.2)  
Where M is an inert molecule needed for the conservation of the momentum. 
Reactions R.2.31 and R.2.2 are part of a photo stationary equilibrium cycle and NO and NO2 are 
rapidly converted into each other in the daytime atmosphere by R. 2.22. 
                                   
223 ONOONO                                                          (R.2.22) 
26 
 
 The above set of reactions R.2.31, 2.2, 2.22 determines the ratio of NO2 to NO and this can be 
expressed by the Leighton ratio, L: 
                                                 
 
 
 
1.1
33.12
j
Ok
NO
NO
L                                                                            (2.2) 
where k1.3 is the rate coefficient of reaction  R.2.22 and j1.1 the photolysis rate in reaction R. 2.31. 
These reactions may change the ratios of NO/NO2, NO2/NOx and NO2/O3. 
In polluted BL, ozone production is mainly triggered by the conversion of NO into NO2 via VOCs.  
In the presence of OH radicals, VOCs oxidize NO to NO2 promoting the production of O3 during 
daytime, via R.2.30 and R.2.2. The major reactions involving OH radicals, NO and VOCs, in urban 
sites, are the following (Brasseur et al.,1999): 
                     * 22 ONORHOH                                                        (R.2.44) 
                         MROMOR  22                                                              (R.2.45) 
                          
22 NORONORO                                                             (R.2.46) 
                                      CHORHOORO ´22                                                    (R.2.47) 
                           22 NOOHNOHO                                                             (R.2.40) 
                                          )(2 2 ONOhNO                                                                 (R.2.31) 
                                )(2 32 MOMOO                                                                  (R.2.2) 
         
322 2´24: OOHCHORhORHoverall                                        (R.2.48) 
where RH are NMHC, R´CHO are carbonyl products like aldeydes or ketone (R´ denotes an 
organic fragment having one carbon atom fewer than R). 
In sites where the VOC concentrations are small (rural sites and free troposphere), tropospheric 
ozone production is controlled by CO and CH4 oxidation (Fig.2.9). These reactions have a big 
impact in air composition, not only in the city itself but also in the surrounding areas, since the 
plumes of formed pollutants can be transported downwind affecting the rural areas nearby. The 
consequences are plant damage, crop productivity and a number of health problems like eye 
and nose irritation and respiratory problems. 
Losses of tropospheric ozone are given by reactions with organic material at the Earth’s surface 
(dry deposition), destruction at earth´s surface and due to photochemical reactions with HOx 
intermediates. 
Also in the troposphere, Reactive Halogen Species (RHS = X, X2, XY, XO, OXO, HOx, HNO2, HONO2 
where X,Y denotes an halogen atom) can play a significant role in the catalytic ozone destruction. 
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Inorganic halogen species (RHS and hydrogen halides HX) are released to the lower troposphere 
either by (Platt & Honninger, 2003): 
• degradation of organic halogen compounds (e.g. methyl bromide CH3Br) or polyhalogenated 
species (e.g. CHBr3, CH2Br2,CH2I2 or CH2BrI) emitted by anthropogenic sources, from ocean, 
or in coastal areas 
• oxidation of sea salt halides (X-) (e.g. sea salt aerosols or sea salt deposits) 
The above inorganic halogen species are rapidly photolysed and as result forms halogen atoms 
which in turn probably react with ozone by: 
                                
23 OXOOX                                                        (R.2.49) 
In areas where RHS levels are low, like in free troposphere or in mid-latitude coastal areas, 
ozone destruction includes additionally the following steps that proceed to R.2.49: 
                           
22 OHOHOXO x                                                          (R.2.50) 
                             OHXhHOx                                                              (R.2.51) 
 This cycle (R.2.49-2.51) includes also the reconversion of OH to HO2 through for example the 
reaction R. 2.52: 
                                            22
2 COHOCOOH O                                                           (R.2.52) 
and the net result R.2.49-2.52 is: 
                                           
22
,
3
2 COOCOO
HOHO
                                                             (R.2.53) 
Finally Fig. 2.9 summarizes the reactions involved in the tropospheric NOx and O3 chemistry. 
 
Figure 2.9 - Scheme of the reactions involving tropospheric NOx and O3 (from Volz-Thomas et al., 2003).    
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2.3.4.3 VOC-NOx –O3 system 
 
The chemical regime for ozone production is largely determined by the relative magnitudes of 
the sources of HOx and NOx. Depending on the relative supply of NOx and HOx an increase in NOx 
may cause either an increase or a decrease in ozone abundance (Jaeglé et al., 1998). 
Tropospheric ozone is more efficiently produced when atmospheric NOx concentrations are low 
(Finlayson-Pitts & Pitts, 1993). This is related to the dual role of NOx in tropospheric chemistry. 
On the one hand NOx leads to the ozone formation trough R.2.31 and R.2.2 .On the other hand 
NOx influence the HOx concentrations by R.2.40. 
The first plot of ozone concentrations resulting from initial mixtures of NOx and VOC appeared 
in 1954 by Haagen-Smit aiming the development of control strategies for tropospheric ozone 
reduction. From this graph it is possible to retrieve the maximum ozone concentrations from 
several initial VOC-NOx conditions from isopleths (lines of constant value). For that reason, each 
point on a particular isopleths represents the same ozone concentration.  An example of this 
plot is illustrated in Fig. 2.10. 
                                      
Figure 2.10 - Typical ozone isopleths generated from initial mixtures of VOC and NO, in air, illustrating the relation 
between VOC- NOx –O3 in troposphere. The VOC-limited region is found in some highly polluted urban centres 
while the NOx, limited region is typical of downwind suburban and rural areas. 
 
From the analysis of Fig. 2.10 we highlight the diagonal ridge that corresponds to the VOC/NOx 
ratio (that can change with several factors) and two areas called VOC limited and NOx limited. 
When the system is said to be NOx limited, the production of O3 is proportional to abundance of 
NOx and independent of VOC abundances and composition. The most important reactions are  
 PONOhNO 32    and MOMOPO  323 )( . Therefore a decrease in NOx 
concentrations results in a directly decrease in ozone. These regimes are characteristic of rural 
areas and suburbs downwind of cities centres (CGER, 1999). At VOC-limited regime the ozone 
production is dependent of VOC abundances. Under this regime increasing NOx emissions could 
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lead to an increase of ozone production resulting from the complex chemistry involved in ozone 
formation in the VOC-NOx mixtures.  
2.4 Bromine Oxide - BrO  
 
Among the halogens compounds, chlorine, bromine and iodine play an important role in ozone 
depletion. As the compounds instability increases, the ozone destruction potential increases as 
well.  Although chlorine represents the major contribution to ozone destruction due to its 
stratospheric abundances, bromine compounds are much more effective in ozone destruction 
in stratosphere (probably about a factor of 40-100). The following reactions (Cycles C and D) 
present the main reactions of O3 destruction by bromine compounds. Stratospheric bromine 
sources (BrOx= Br+ BrO) count with anthropogenic and natural sources like: a) methyl bromide 
(CH3Br) released from biomass burning and oceans, agriculture and leaded gasoline, b) 
halogenated hydrocarbon gases mostly used in fire extinguishers, c) liberation of sea salt, d) 
volcanic plumes (Bobrowski et al., 2003, 2005).Gases emitted by those sources are destroyed in 
stratosphere to produce Br and BrO.  
  Cycle C                                          
23 OBrOOBr                                                       (R.2.54) 
                                22 OHOBrHOBrO                                                   (R.2.55) 
                                BrOHhHOBr                                                       (R.2.56) 
                                     
223 OHOOOH                                                     (R.2.19) 
                                   
23 32: OOnet                                                                (R.2.21) 
 
Cycle D                              MBrONOMNOBrO  22                                           (R.2.57) 
                                         
32 NOBrhBrONO                                                     (R.2.58) 
                                23 ONOhNO                                                          (R.2.25) 
                                  223 ONOONO                                                       (R.2.22) 
                                     
23 OBrOOBr                                                       (R.2.54) 
                                  
23 32: OOnet                                                                 (R.2.21) 
 
When bromine compounds couple with chlorine compounds the ozone destruction process is 
enhanced and occur a Cycle (E) of reactions that lead to the destruction of ozone. 
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Cycle E                                     2OClBrClOBrO                                                 (R. 2.56)                                                     
                                                     
23 OBrOOBr                                                          (R. 2.54) 
                                                       
23 OClOOCl                                                         (R. 2.27) 
                                                    
23 32: OOnet                                                                   (R. 2.21) 
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3. Absorption and scattering of solar 
radiation in the atmosphere 
 
3.1 Interaction processes between electromagnetic radiation and the Earth’s                                                                                                      
atmosphere components 
 
The electromagnetic spectrum includes the electromagnetic radiation in all forms which are 
distinguished only by their different wavelength or frequency. When radiation interacts with 
matter it is absorbed, scattered, or emitted in discrete packets called photons. The energy E of 
a photon (since electromagnetic radiation can be treated as wave or particle) can be calculated 
by: 
                                                                      


hc
hE                                                                    (3.1) 
where Jsh 3410626176.6  is the Planck’s constant, c is the speed of light and  is the 
wavelength of the photon. Depending on their energy, photons can interact differently with 
matter by changing their electric or magnetic properties (e.g. electron distributions, magnetic 
dipole moment of the molecule). These changes lead to modifications in the electric or magnetic 
field of the electromagnetic radiation. The energy of the electromagnetic radiation determines 
the type of the molecular process, as shown in Fig. 3.1. For example UV and Visible radiation 
leads to electronic excitation, while X-rays can be responsible for ionizing atoms i.e. by ejecting 
one or more electrons from the atom. 
 
Figure 3.1- The electromagnetic spectrum and the types of transitions in molecules and atoms provoked by the 
different wavelengths of radiation (from Burrows et al., 2011). 
 
3.2 Basic principles of Molecular absorption (and emission) 
 
 Similarly to atoms also molecules have internal energy which is quantised and also discrete 
energy states. The transitions between those states are the basis of spectroscopy. Also 
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important is the geometry of the molecules and their ability to interact with the electromagnetic 
radiation via creation of a permanent dipole moment. In Figure 3.2 are illustrated the geometries 
of some molecules including O3. NO2 geometry (not shown) is angular. 
                    
Figure 3.2 - Geometries of important trace gases and dipole moment status (from 
http://flux.aos.wisc.edu/~adesai/documents/aos640/AtmosRadCh9-10.pdf).  
 
The molecular energy states and transitions that we have to take into account are: 
• rotational transitions associated to the rotation of the entire molecule about an axis 
through its center of gravity; it is the angular momentum of the entire molecule that 
gives rise to the rotational energy states. The corresponding wavelengths are in the 
microwave and far IR bands. 
• vibrational transitions associated to the vibration of the atoms within the molecule 
relative to each other around their equilibrium positions. The corresponding 
wavelengths are in the IV spectral range. These transitions can as well be accompanied 
by a change in the rotational energy therefore vibration-rotation bands are often 
formed.  
• electronic transitions associated to changes in the configuration of the electrons in the 
molecules. This transition corresponds to wavelengths in the Visible and UV spectrum. 
These transitions can be accompanied by a change in the vibrational and rotational 
energy modes. 
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The results of these transitions between states produce unique molecular spectra. Each 
atmospheric gas has a specific absorption or emission spectrum – its own radiative signature. 
These molecular spectra are different from the atomic line spectra because molecules have two 
additional types of energy (rotational and vibrational) besides the electronic energy. The 
existence of several forms of molecular internal energy leads to a complex band system that 
originates a more complicated absorption spectra than in the case of the atoms.  
3.2.1 Rotational energy levels and transitions 
 
For pure rotational transitions the molecule must have a permanent electrical or magnetic 
dipole moment. If there is no permanent dipole moment there is no radiative activity in the far-
infrared which is the case of the homonuclear diatomic molecules like N2. Although O2 has no 
magnetic dipole moment it has a weak permanent magnetic dipole and consequently has a 
rotational transition in the microwave spectral range. Molecules like CO, N2O, H2O and O3 exhibit 
pure rotational spectra because they all have permanent dipoles. CH4 and CO2 have vibration-
rotational bands because they can acquire the oscillating dipole moments in their vibrational 
modes although they do not have permanent dipole moments. 
In Fig. 3.3 are represented molecules behaving as a rotator. 
 
Figure 3.3 - Axes in red of rotational freedom for linear diatomic and triatomic and asymmetric top molecules and 
some examples (from Socolik, 2009). Diatomic molecules show two degrees of rotational freedom and asymmetric 
top three and respectively the same number of inertia moments. 
 
The rotational energy levels ( JE ) in a molecule are given by Eq. 3.2. 
                                                         
I
hJJ
JJBEJ
8
)1(
)1(.
2
                                                  (3.2) 
where J is the rotational quantum number, B is the rotational constant of the particular molecule 
and rotation mode (rotation axes) , I is the moment of inertia with the respect to the axis. The 
energy of the transitions is given by Eq.  3.3. 
34 
 
                                                                 1
4 2
2
 J
I
h
E

                                                               (3.3) 
3.2.2 Vibrational  energy levels and transitions 
 
Radiative transitions due to vibrational energy require a change in the dipole moment i.e. the 
molecules must have an oscillating moment. Therefore the vibrations of molecules can be 
treated approximately as harmonic oscillations and their energy levels can be calculated as 
follows: 
                                                                     '
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                                                           (3.4) 
With ,...2,1,0 as vibrational quantum number and '  is the resonant frequency. 
 
 
Figure 3.4- Vibrational modes of diatomic and triatomic atmospheric molecules (from 
http://flux.aos.wisc.edu/~adesai/documents/aos640/AtmosRadCh9-10.pdf). 
 
For example O3 have a structure denoted asymmetric top (Fig.3.3) and have three fundamental 
vibration modes (
1 , 2 , 3  ) as illustrated in Fig. 3.4 and are located at 9066, 14270, and 9597 
nm, respectively. Ozone has also another band at 4700 nm. It is also possible to find additional 
weak vibration-rotation bands in the near-IR regions of the spectrum down to about 2500 µm. 
Those bands are known as P and R bands (see Fig. 3.5) 
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Figure 3.5- Vibrational-rotational transitions for 1 ,  1,0,1 J  and illustration of the transitions in 
the spectrum. P and R branches correspond, respectively, to transitions involving 1J  and 1J  (from 
Liou, 2002) . 
3.2.3 Electronic transitions and energy  
 
The valence electrons are involved in the absorption and emission of UV- visible energies. 
Electronic transitions in molecules are accompanied by vibrational and rotational transitions and 
are liable to several selection rules.  
Due to these transitions NO2 and O3 have an absorption spectrum. Also NO2 spectrum shows 
rotational and vibrational structures overlayed on the absorption spectrum. NO2 absorption 
spectrum also has narrow spectral features which are temperature and pressure dependent. 
In the following figure is possible to have an idea for electronic, vibration and rotation energy 
levels that are superimposed. 
 
Figure 3.6- Scheme for the electronic, vibration and rotation energy levels (from 
www.google.com/webhp?nord=1#nord=1&q=+http:%2F%2Fflux.aos.wisc.edu%2F~adesai%2Fdocuments%2Faos6
40%2FAtmosRadCh9-10.pdf). 
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3.2.4 Molecular transitions in the UV-VIS region  
 
It is possible to infer by analysis of Fig. 3.1 that In the UV-visible region several absorption 
processes are result of electronic and vibrational transitions. 
 The result of electronic transitions leads to the decomposition of the molecule into its 
constituents through photo dissociation or photo ionization. Due to vibrational transitions 
molecules can be excited into a dissociation level or into a specific vibrational level of the upper 
electronic state like it is illustrated in Fig. 3.7 .The spectrum consists of a smooth continuum at 
short wavelengths above the dissociation level and of absorption lines at discrete wavelengths 
(Farahani, 2006; Liou, 2002).  
 
Figure 3.7- Potential energy curves for two electronic states of a diatomic molecule. Molecules can be excited into 
a dissociation level (e.g. transition 1) or into a specific vibrational level of the upper electronic state (e.g. transition 
2) (from Liou, 2002). 
3.3 Absorption, emission and scattering of solar radiation 
 
There are several effects derived from the interaction processes between electromagnetic 
radiation and the gases and particles that constitute the atmosphere. Some effects are visible 
like the blue sky, red sunsets or white clouds that are a consequence or the different wavelength 
dependence of light scattering.  
Solar radiation (~200 to 800 nm), which passes through the atmosphere, interacts with the air 
molecules and aerosol particles in a variety of processes such as absorption, emission and 
scattering. For example the UV-Visible part of solar radiation is mainly absorbed by ozone but 
also suffers cloud scattering, Rayleigh scattering by air molecules and absorption and scattering 
by aerosols. It also undergoes reflection and absorption by Earth’s surface.  
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Absorption is a process by which molecules present in atmosphere (e.g. O3, NO2, CH4, CO2, etc.) 
or aerosols (e.g. soot) absorb radiation. Due to energy absorption the molecule undergoes an 
internal change and the energy of the photon promotes the molecule to a higher energy state. 
In this case the radiation is converted into some other form of energy like for e.g. heat. Therefore 
absorption of radiation in the atmosphere is a fundamental process in the climate system and 
for the maintenance of life in Earth (e.g. greenhouse effect, absorption of solar radiation by 
stratospheric O3).   
Scattering plays an important role in the atmospheric radiative transfer. During this process the 
photon can change wavelength/energy or direction, or both, according to the type of scattering 
that occurs: elastic or inelastic scattering. Elastic scattering can occur due to air molecules – 
Rayleigh scattering- or aerosol particles-Mie scattering. In this process there is a change of the 
direction of propagation of the photon although its energy is unchangeable and the scattering 
molecule is unaffected. Inelastic scattering by molecules is called Raman Scattering. This kind of 
interaction changes both the direction of propagation of the photon and energy. In this process 
a small quantity of light is scattered by molecules which undergo an internal transition between 
energy states. The scattered photon thus has a different energy form the exciting photon. 
Although it is considered a weak interaction of radiation and matter it can provide useful 
information in passive and active remote sensing and used to identify molecules and determine 
their molecular concentration. It is important to remind that radiation experience multiple 
scattering trough the atmosphere. This process is important because reinforce atmospheric and 
ground absorption  since radiation suffers several reflections between Earth’s surface and 
atmospheric layers, especially over highly reflected layers such as snow.   
3.3.1 Absorption in the UV- Visible part of the spectrum 
 
The main molecules and atoms that absorb solar radiation are O3, O2, CO2, H2O, N2, NH3, CH4, O 
and N. Some of them are more effective in the UV-Visible part of the spectrum 
nm850200  ) and others in the near infra-red one ( nm5000850  ). The most 
important absorbers in the IR band (including near-, thermal-, and far-IR), are carbon dioxide 
(CO2), water vapour (H2O), ozone (O3), methane (CH4), and nitrous oxide (N2O). In Table 3.1 are 
listed the atmospheric minor gases absorbing UV-Vis . 
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Table 3.1 - Wavelengths of absorption in the UV- Visible range by several atmospheric gases (adapted from 
Jacobson, 1999). 
Gas name Chemical formula Absorption wavelengths (nm) 
Ozone O3 < 350 ; 450 -750 
Nitrate radical NO3 410 – 670 
Nitrogen dioxide NO2 <710 
Nitrous acid HONO <400 
Dinitrogen pentoxide N2O5 <380 
Formaldeyde HCHO 250-360 
Hydrogen peroxide H2O2 < 350 
Acetaldeyde CH3CHO < 345 
Peroxynitric acid HO2NO2 < 330 
Nitric acid HNO3 < 330 
Peroxyacetyl nitrogen CH3CO3NO2 < 300 
Oxygen O2 < 245 
Nitrous oxide N2O < 240 
CFC-11 CFCl3 < 230 
CFC-12 CFCl2 < 230 
Methyl chloride CH3Cl < 220 
Carbon dioxide CO2 < 210 
Water vapour H2O < 210 
Nitrogen N2 < 100 
 
Due to the role of NO2 in this work it is necessary to emphasize that this molecule absorbs solar 
radiation in wavelength between 200 and 700 nm. From the table 3.1, only O3, NO2 and NO3 
absorb in the visible part of the spectrum, being the NO2 the most important compound showing 
considerable absorption near 430 nm. 
Fig. 3.8 illustrates the solar irradiance and the main absorbing molecules in different spectral 
regions as well as the spectrum of solar radiation at the top of the atmosphere (TOA) and Sea 
Level (SL). The idea is to highlight the main molecules that absorb those different energies 
represented by the shaded area. The unshaded area between the TOA and SL curves represents 
the backscattering by air clouds, aerosols and air molecules and absorption by clouds and 
aerosols. 
Let us focus only in the UV- VIS part of the spectrum (200-800 nm) since it is the range used in 
this study. In this part of the spectrum radiation is mainly absorbed by O3 and O2 (Liou, 2002). 
This radiation is also absorbed by aerosols and suffers some weak absorption by water vapour. 
This radiation also undergoes cloud and aerosol scattering.  
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Figure 3.8 - Low resolution solar irradiance at top of atmosphere and at sea level and atmospheric absorption for 
average atmospheric conditions and an overhead sun (from Palazzi, 2000). 
 
In Fig. 3.9 the O3 and O2 absorption bands and their absorption cross sections are displayed. This 
latter quantity measures the strength of absorption by an air component and it is customarily 
represented by a   in units of cm
2. 
 At wavelengths shorter that 100 nm the majority of radiation is absorbed by atomic and 
molecular oxygen and nitrogen at altitudes between 100 and 200 km (in thermosphere and 
mesosphere) resulting in ionized products. As consequence ionized layers are formed in the 
upper atmosphere. As a result of UV solar radiation absorption by molecular oxygen and 
molecular nitrogen these gases suffers dissociation in both atomic nitrogen (N) and oxygen (O). 
N and O exhibit an absorption continuum from 0. 1-100 nm. N also plays an important role in 
the absorption of UV radiation in thermosphere even if its quantity in upper atmosphere is not 
significant as from the other gases. The photo dissociation of molecular nitrogen (N2) below 100 
km plays a small role in the atmospheric chemistry. Nevertheless its absorption spectrum 
consists of a band system from about 145- 112nm referred as Lyman-Birge-Hopefield bands. 
Molecular oxygen absorbs between 80 and 120 km (thermosphere) in the Schumann-Runge 
continuum that corresponds to 130 nm and 175 nm and as consequence it is photo-dissociated 
in oxygen atoms at 1D state. The Shumann-Runge bands are situated between 200 nm and 175 
nm. As shown in Fig. 3.5 these wavelengths present the strongest absorption by O2 in 
mesosphere and upper stratosphere. The oxygen Herzberg continuum is found in the range of 
200-242 nm. The absorption of UV solar radiation by O2 occurs in stratosphere and there is also 
a weak absorption in mesosphere. This band is the weakest one and is of small importance due 
to the overlap with stronger bands of absorption by O3. Nevertheless the absorption in this 
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wavelength range leads to the O2 dissociation in two oxygen atoms in the ground state (3P) that 
are needed for ozone formation. 
The O3 strongest absorption bands are the Hartley bands which are found in the range 200 – 
310 nm .This absorption by ozone occurs primarily in the mesosphere and in the upper 
stratosphere leading to the formation of O(1D). Also responsible for the photo dissociation of 
ozone below 50 km in the stratosphere and troposphere are the Huggins bands in the range 
310- 400 nm that leads to the formation of O(3P). O3 shows a weaker absorption in the Visible 
and near infra-red (400 – 850 nm) in Chappius band that occurs in the troposphere leading to 
photo dissociation even at surface (Brasseur & Solomon, 2005; Liou, 2002). 
 
 
 
Figure 3.9- Spectral distribution of the absorption cross section of O2 and O3 adapted (from Haigh, 2007). 
 
3.4 Atmospheric radiative transfer  
 
In the context of this work the study of the radiation transfer is important since for the retrieval 
of trace gas parameters by remote sensing technique a precise knowledge of the sources of 
electromagnetic radiation and its transport trough the atmosphere is needed (Burrows et al., 
2011). The propagation of radiation in atmosphere is not a straightforward process. Since the 
atmosphere is an absorbing and simultaneously scattering media the transport of radiation is 
complex.  
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In this section the basic equations describing the transfer of radiation in the atmosphere are 
presented. The exact physical solutions of the radiative transfer equations can only be derived 
for simple cases. In general accurate Radiative Transfer Models (RTM) are needed to invert trace 
constituents data products and solve those equations. These numerical models are usually 
complex. In this work the models used are the Atmospheric Model for Enhancement Factor 
Computation (AMEFCO) (Petrioli et al.,1998) and the PROcessing of Multi-Scattered 
Atmospheric Radiation (PROMSAR) (Palazzi et al., 2005a, 2005b, 2005 c) that are briefly 
described in sections 4.4.2.1 and 4.4.2.2.. 
3.4.1 Radiative Transfer Equation (Platt & Stutz, 2008; Burrows et al., 2011)  
 
The radiance is defined as the radiant flux ( ), per unit space angle ( ) and wavelength, ( ) 
and therefore its units are 21  mWsr . 
Consider a stream of photons crossing the atmosphere. Their intensity )(I  is attenuated after 
traversing a layer of infinitesimal thickness ds (along the directions of the propagation) due to 
absorption and scattering (=extinction) by atmospheric components. If only absorption is 
considered, )(I  is reduced by the amount )(adI  (Eq. 3.5) by crossing an absorbing layer: 
                                        dsnIdsIdI aaa  )()()(                                   (3.5) 
where )( a  is the absorption coefficient (m 
-1), )( a  (m
2) is the absorption cross section of 
the absorbing molecule/atom and n  (m -3) is the number of absorbers (atoms) per unit of 
volume. 
The integration of Eq. 3.5. yields to the derivation of Lambert-Beer´s Law (or Beer-  Bouguer 
Lambert Law) that will be described in more detail in Chapter 4 section 4.4.1.1. 
Similar to absorption, the scatter radiance is given by Eq. 3.6. 
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where )( s  is the scattering coefficient (m 
-1) , )( s  (m 
2) is the scattering cross section of 
the molecule/particles and n  (m -3) is the number of scatters (molecules or particles) per unit of 
volume.  
Radiance added by scattering is given by: 
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where   is the polar angle,   is the scattering angle and S is a dimensionless scattering function 
given by: 
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From the sum of Eq. 3.5 and Eq. 3.6 (i.e. absorption and scattering contributions) it is possible 
to get the total extinction intensity of the incoming radiation traversing the distance ds  of an 
absorbing and scattering layer (Eq. 3.9). 
                                              dsIndIdIdI sasa    )()(                                     (3.9) 
The intensity due to thermal emission (Eq. 3.10.) from a volume element can also be considered 
but this is negligible when compared to the solar radiation in the near IR, Visible and UV spectra 
regions. 
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where pI  T,  is the Planck function. 
Combining all the described processes we finally get the Radiative Transfer Equation: 
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For our purpose in the UV-Visible spectral range some approximations can be made to Eq. 3.11 
like the last term of the equation that represents the thermal contribution, can be removed 
because at short wavelengths (UV and VIS) the Planck term value is very small (due to the low 
temperature) compared to the other term values. 
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4. Methods and instruments to monitor 
atmospheric composition with solar 
radiation 
4.1 Introduction 
 
One of the methods widely used to study the atmospheric composition is the Remote Sensing 
(RS) technique.  RS can be defined as the science and technology by which the features of the 
analysed objects/compounds can be identified, measured or studied without direct contact of 
the sensor with the analysed item. RS techniques have several applications in several fields like 
agriculture, forestry, cartography, meteorology, hydrology, astrophysics, archaeology, geology, 
oceanography, biology and in atmospheric physics and chemistry more specifically in ozone, 
climate research field and pollution control. Usually when it comes to terminology remote 
sounding techniques are commonly used in studies applied to the atmosphere constituents and 
remote sensing are related more to research dealing with surface parameters. 
Remote sensing observations depend on the interaction of electromagnetic radiation with 
matter (Burrows et al., 2011) therefore this kind of radiation is the usual source of atmospheric 
remote sensing data (Platt & Stutz, 2008). In the context of this thesis, RS is used for the 
determination of the total content, vertical distribution and variations of atmospheric trace 
gases. Therefore after the interpretation of those changes it is possible to disclose information 
about atmospheric composition. The precision of the derived data products with the RS 
monitoring techniques depends on our understanding of the interaction of radiation and matter. 
In our particular case the importance of understanding the relationship between them is crucial 
for the use of spectroscopy technique which is directly applied to derive the data (trace gases 
total column amount and vertical profile) presented in this thesis. Spectroscopy is the study of 
matter (identification of the molecules and their concentration) using electromagnetic 
radiation. This is possible since different chemical compounds absorb and emit electromagnetic 
radiation in a different way at particular wavelengths. The result (spectroscopic data) is a 
spectrum which works as a “fingerprint” for the chemical compound allowing the identification 
of the gas. It is also possible to determine the amount of the absorber because it is related to 
the intensity of absorption. In the case of atmospheric studies, spectroscopy may be a passive 
RS technique that can be used from different platforms. Several ground-based stations, spread 
all over the world even in most remote regions of the planet, have been providing a large 
amount of very useful measurements for example the monitoring of environmental pollution, 
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evaluation of the global warming and its effects on climate. The products resulting from those 
measurements are long term dataset and high temporal resolution of stratospheric trace gases, 
aerosol loading, clouds and other important physical parameters like temperature, pressure, 
precipitation, radiation, winds. Ground- based instruments also allow simultaneous 
measurements of many trace gases under well-calibrated conditions as well as the comparison 
and development of different techniques. Also important are the costs associated to these 
stations that are less expensive than other platforms like balloons, rockets or satellites. In the 
last years instrumentation on board airborne platforms (Brandtjen et al., 1994; Pfeilsticker et 
al., 1997; Kostadinov et al., 2006) or satellite (Burrows et al., 1999; Richter et al., 2002; Buchwitz 
et al.; 2004, Coldewey-Egbers et al., 2005; Boersma et al., 2005) assumed a key role in 
atmospheric research. The latter instruments are important mainly due to their global coverage. 
Data obtained with ground- based and satellites instruments are complementary and very useful 
together, since the ground-based instruments can be used for the comparison/validation of the 
satellite data once mutually calibrated. 
The Differential Optical Absorption Spectroscopy (DOAS) (Plane & Nien 1992; Platt, 1994) is a 
well spread and established technique used in the monitoring of air quality and also useful for 
the retrieval of large amount of data and parameters that are important for the study of climate 
change. DOAS is appropriated for the simultaneous detection of many atmospheric trace gases 
such as NO2, O3, SO2, BrO, OClO, IO, HCHO, BTX (Benzene, Toluene and Xylene) (Senne et al., 
1996; Hoenninger & Platt, 2002; Kourtidis et al., 2002; Stutz et al., 2004).  
This chapter is divided into three parts being the first one dedicated to the basic concepts and 
physics of atmospheric radiation and its relation with RS techniques (in particular with 
spectroscopy). In the second part the ground based system and the satellite instruments, 
sources of the data used in this work, are illustrated. Finally the DOAS theory and the algorithms 
to retrieve the trace gas concentrations from the spectral data carried out with ground based 
spectrometer are presented. 
4.2 PART I - Remote Sensing/sounding techniques 
 
The RS techniques can be distinguished in two categories based on the type of the source 
employed: 
• 'passive' type if natural sources are used, as the radiation coming from the sun, the 
moon or the stars,  
• 'active' type if it uses artificial sources (usually lamps with a well known and calibrated 
emission spectrum). 
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Moreover, the measure can be of the type ' line-integral', supplying the value of the integral of 
the concentration along the measurement path and these results can be obtained both with 
“Active” and with “Passive” systems) or 'range-resolved', providing the spatial distribution of the 
concentration of gases in examination. Since some years ago these information was gathered 
only with active systems. In the lasts years, with new methodology of analysis, the range 
resolved measurements can be obtained also with Passive system as it will be shown in section 
5 of this thesis. 
One more classification of the RS techniques can be done considering different parameters such 
as: 
• type of measurement e.g. imaging, non-imaging and sounding 
• spectral region due to the wavelength of measured radiation 
• platform e.g. air-born (up to 15 km) , ground-based, sonde / balloon measurements (up 
to 30 km), rocket measurements (up to 80 km), Space Shuttle / Space Station 
measurements, satellite measurements  
• spectral resolution e.g. low, medium, high 
• spatial resolution e.g. low, high 
• detection technique eg. absorption, emission or extinction spectroscopy and spectral 
reflectance. 
The possibility to perform measurements in locations that are not easily accessible is one of the 
main advantages of the RS techniques, in comparison with the ‘in situ’ measurements. In 
addition, RS do not introduce alterations in the medium under analysis and by means of satellite 
platform a global coverage can be achieved. Furthermore, several parameters can be measured 
at the same time with only one instrument and the operation and maintenance costs are usually 
smaller than the “in situ” ones. 
The main disadvantages can be resumed as: 
• remote sensing measurements are always indirect measurements; 
• the electromagnetic signal is often affected by more things than just the quantity to be 
measured; 
• interpretation of data can be difficult therefore additional assumptions and models are 
needed for the interpretation of the measurements; 
• usually, the measurement area / volume is relatively large; 
• validation of remote sensing measurements is a major task and often not possible in a 
strict sense; 
• estimation of the errors of a remote sensing measurement often is difficult; 
• needs solar radiation to perform measurements ; 
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• limited spatial resolution.   
In this study we use a passive-RS technique since the instrument uses natural sources of 
radiation in particular direct sunlight. In addition to sunlight the attenuated, reflected, scattered, 
or emitted stellar, lunar light or thermal radiation can also be analysed. In opposition, active RS 
uses an artificial source of radiation e.g. laser radiation (LIDAR), white light (long path DOAS), 
radio waves (RADAR) and the reflected or scattered signal is analysed. In this study our system 
is also a sounding system, since it measures the intensity of radiation to provide information 
about a property (trace gas concentration) as function of height in atmosphere.   
In Fig. 4.1 it is possible to have an idea of the several techniques used in RS. It is not an exhaustive 
list, but gives a general plan of active and passive RS. More detailed information about each 
technique can be found in literature (Strong, 2005; Platt & Stutz, 2008). 
 In the context of this thesis we will focus on spectroscopic remote sounding technique. 
Measurements gathered with this technique are the result of a two-step process: first the 
measurement of radiation, and secondly the retrieval of trace gas quantities. In our particular 
case a spectrometer was used to perform the measurements. This kind of ground- based 
instrument is able to disperse solar radiation into several wavelengths over a defined spectral 
range.  There are three types of spectrometers: 
 grating spectrometers that uses a disperse grating and is commonly used in remote 
sounding systems on board satellites and in ground-based equipments  
 prism spectrometers like for example the Dobson spectrometers where a prism disperses 
the light in a range of wavelengths 
 interferometers that use interference effects e.g. the Michelson  and the Fabry-Perot 
interferometers. 
The measurements resulting from these instruments are portions of the electromagnetic 
spectrum. The signal comes from the absorption or emission of a photon from an atom or 
molecule and it is accompanied by a change in the state of the atom or molecule. 
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Figure 4.1- General plan of Remote Sensing techniques (from Strong, 2005). 
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4.3 PART II – Instruments 
 
This section presents the ground based instrument whose data are mainly used in this work: the 
SPATRAM (SPectrometer for Atmospheric TRacers Monitoring) equipment. The SPATRAM 
instrument was developed by the Atmospheric Physics and Climate group of CGE-UE in close 
collaboration with the Institute of Atmospheric Sciences and Climate (ISAC) of the Italian 
National Research Council (CNR) located in Bologna (Italy) and with Italian National Agency for 
New Technology, Energy and Environment – (ENEA). The main applications and features of this 
ground- based instrument are briefly presented as well the description of the Vertical Looking 
Device (VELOD) and Multiple Input Geometry Equipment (MIGE) devices that are coupled to the 
spectrometer. 
In addition, in this part of the work the descriptions of the satellite instruments utilized for 
comparison/validation of the SPATRAM results, are presented. Namely the satellite borne 
equipment’s are: the Ozone Monitoring Instrument (OMI), the SCanning Imaging Absorption 
spectroMeter for Atmospheric CHartographY (SCIAMACHY), the Global Ozone Monitoring 
Experiment (GOME) and the Global Ozone Monitoring Experiment–2 (GOME-2). 
4.3.1 The SPATRAM system 
  
The multipurpose UV–Vis. SPATRAM (Bortoli et al., 2010) is a scanning spectrometer and it 
measures the solar scattered radiation in the 250–900 nm spectral range with typical spectral 
resolutions varying from 0.3 nm at 250 nm up to 0.9 nm at 900nm. 
The main body of the SPATRAM instrument is composed of two distinct units: the Electronic 
Control Unit (ECU) and the Optical Mechanical Unit (OMU) (Fig. 4.2).  
Figure 4.2 - Representation of the main modules of the SPATRAM Instrument. 
 Rotating mirror module 
Monochromator 
 CCD sensor Optic Tower Input 
 Optic Fiber Inputs 
Power sources 
Drivers and ports 
Computer 
CCD Driver 
Stepper 
Motors 
drivers 
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The OMU includes all optical and mechanical parts of the instrument such as: i) the 
monochromator; ii) the Charged Coupled Device (CCD) sensor; iii)  the thermo-regulators and 
the filters- the OMU-ECU interface ;iv) the Rotating Mirror Module (RMM), for the selection of 
the input; v)  the two optical fibre inputs – for the input of the radiation from auxiliary optic 
devices (VELOD or MIGE) and vi)  the Optic Tower, which is the primary input of solar radiation. 
The ECU provides the control and the management of the whole instrument. This unit (rigidly 
connected to OMU) contains power supplies, an industrial CPU, the CCD driver device, 3 stepper 
motors controllers, an AD converter for the temperature transducers, present in both units OMU 
and ECU and other electric and electronic components for the control of the instrument status. 
The SPATRAM instrument is handled by a software tool named Data Acquisition System (DAS). 
This software was developed to manage all the spectrometer devices and for automatic 
scheduled measurements as well as for the unattended mode following the instructions written 
in a text file read by DAS. The ECU also provides the storage of the measured spectra and their 
first analysis, with a simplified DOAS approach, in order to obtain the contents of the species 
presenting absorptions features in the selected spectral range. 
Since the 1st of April 2004, the SPATRAM system is installed in Évora (South of Portugal – Fig 4.3 
a) at the Observatory of CGE-UE (Fig. 4.3 b, 4.3 c), measuring the solar radiation in the UV- VIS 
spectral range in subsequent spectral windows of about 60nm each one. This last feature is 
possible thanks to the precise controlled rotation of the grating normal to its optical axis using 
a stepper motor and an optimized frequency calibration procedure. 
A detailed description of the instrument and working method can be found in the works of 
Bortoli, 2005; Bortoli et al., 2010; Bortoli et al., 2009. 
 
 
 
 
 
 
 
 
 
                           
 
   a)                                          b)                                                                   c) 
 
Figure 4.3- a) The location of Évora city in mainland Portugal. b) The container in the Observatory of the Geophysics 
Centre of Évora in Évora (38.5ºN; 7.9 ºW, 300 m a.s.l.). c) The SPATRAM instrument installed inside the container. 
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In the beginning (2002), the SPATRAM instrument was developed for measurement along the 
vertical direction using the Optic Tower Input (Fig. 4.2). In order to simplify the installation and 
setup of the instrument and to increase the measurements capabilities extending the domain 
of research (detection and monitoring of more atmospheric compounds) two auxiliary optical 
systems were added to the main body of the SPATRAM spectrometer. Those systems are: i) the 
VELOD (Vertical Looking Device) for the measurement of the zenith sky scattered radiation using 
a light guide to carry the signal to the spectrometer; ii) the MIGE (Multiple Input Geometry 
Equipment) used to collect radiation for directions away from the vertical one. 
4.3.1.1 VELOD – VErtical LOoking Device 
The VELOD is a small telescope composed of one elliptical flat mirror with a hole in the centre 
and a spherical mirror placed at the distance necessary to focus the radiation received from the 
flat mirror in the centre of the flat mirror itself (Fig. 4.4 a). At a distance of 2 mm beyond the 
mirror an optic fibre is placed (Fig. 4.4b) and the radiation signal is carried out to one of the optic 
fibre inputs of the SPATRAM main body (Fig. 4.2).The optic system is contained in a small box 
vacuum proof aiming to avoid events of condensation on the quartz window used for input of 
the radiation. The window is tilted of 10 degree in order to prevent water accumulation on it.  
 
 
 
Figure 4.4 – VELOD a) optical layout; b) project design with the vacuum proof box and the optic fibre. The arrows 
specify the direction of the input and output of the radiation. 
 
4.3.1.2 MIGE -Multiple Input Geometry Equipment 
 
MIGE (Figure 4.5) is an alt-azimuth platform based on the same optical layout of the VELOD, 
using an optic fibre to transmit the radiation inside the monochromator of the SPATRAM 
instrument. Thanks to the solutions adopted in the developing phase, the MIGE platform is able 
b
) 
a
)) 
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to scan the full azimuth (0-360º) as well as the full zenith plane. The MIGE device can collect 
both the diffuse and the direct solar radiation in the whole sky. 
The equipment is placed under a dome of fused silica to avoid undesired effects of light reflexes 
and also to allow for measurements in the UV spectral region.  
 
 
Figure 4.5- The MIGE platform installed on the roof of the container where the SPATRAM instrument is placed. This 
platform ensure the possibility to carry out measurements in off-axis configuration along many azimuthally 
directions since the horizon line is almost completely free (from Domingues, 2011). 
 
4.3.1.3 SPATRAM products 
 
The data that can be retrieved from the spectral measurements carried out with the SPATRAM 
system in zenith sky configuration (that is measuring in the vertical direction) are mainly used 
for research, case studies and for satellite data validation/comparison. The almost operational 
products are the total columns for NO2 and O3. For NO2 the vertical distribution from 10 to 50 
km of altitude with a spatial resolution of 2.5 km is computed with the application of inversion 
methods. The output of the DOAS algorithms – the SCD values – thanks to a synergy with a 
dynamic model, allows also for the identification of events of anthropogenic pollution due to air 
mass circulation.  
The spectral data acquired for direction different from the zenithal one (with the MIGE device) 
allows for: 
• the determination of the profile for NO2 and O3 in the lower atmosphere (from the 
ground till to 2 km of altitude) with a vertical resolution of 250-300 m; 
• the measure of the tropospheric column of some optically thin atmospheric compounds 
such as SO2, HCHO, CHOCHO and BrO). 
These last 2 aspect allows for the assessment of the air quality in urban areas in the PBL. 
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In addition, the measurements of the spectral sun radiance performed with the MIGE device, 
after the determination of the radiometric calibration coefficients, can be compared with the 
AERONET radiance data. At the same time the corrections of the AERONET data for the NOx 
signal can be provided. 
4.3.2 Satellites data sources 
 
Instruments on board satellites provide a unique global view of the observed phenomena and 
such comprehensive coverage and sampling are not available from any other measurement 
platform. In addition, the observations location makes easier the identification of the processes 
occurring at the highest atmospheric layers. 
On the other hand, the spaced based equipment is very expensive in term of setup since complex 
space-qualified instrumentation is required. Furthermore the launches costs as well as the risks 
of failure are very high. 
4.3.2.1  The Ozone Monitoring Instrument 
 
The OMI, onboard the National Aeronautics and Space Administration’s Earth (NASA) Observing 
System Aura (EOS) Aura satellite, on flight from 15 July 2004, is a nadir viewing imaging 
spectrograph that measures the solar radiation backscattered by the Earth's atmosphere and 
surface over the entire wavelength range from 270 to 500 nm with a spectral resolution of about 
0.5 nm and with a very high spatial resolution (13 × 24 km in the normal global operation mode 
and 13 km × 12 km in the zoom mode) and daily global coverage (Levelt et al., 2006). The 114° 
viewing angle of the telescope corresponds to a 2600 km wide swath on the surface, which 
enables measurements with a daily global coverage. The light entering the telescope is 
depolarized using a scrambler and then split into two channels: the UV channel (wavelength 
range 270 - 380 nm) and the VIS channel (wavelength range 350 - 500 nm). 
Trace gases derived from OMI instrument include O3, NO2, SO2, HCHO, BrO, and OClO. In 
addition, this satellite instrument estimates aerosol characteristics, cloud top heights, and UV 
irradiance at the surface. OMI instrument is the successor of the TOMS (Total Ozone Monitoring 
Spectrometer) equipment that pioneered, since the late seventies, the research on atmospheric 
composition and its evolution from satellite.  
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4.3.2.2 The SCanning Imaging Absorption spectroMeter for Atmospheric 
CHartographY 
The SCIAMACHY is one of the ten instruments installed on board of ESA’s Environmental Satellite 
(ENVISAT) which was launched on May 2002 and was operational until April 2012. The 
SCIAMACHY instrument is an imaging spectrometer whose primary mission objective is global 
measurements of trace gases in the troposphere and in the stratosphere (BrO, OClO, ClO, SO2, 
H2CO, NO2, CO, CO2, CH4, H2O, N2O) with the application of the DOAS algorithms, with an 
improved spatial resolution (typically the ground pixel is 30x240 km.). 
This satellite instrument also allows for the monitoring of stratospheric ozone, tropospheric 
pollution or for other events like volcanic eruptions related to regional or global phenomena. 
SCIAMACHY also allows for the retrieval of the amounts and distribution of aerosols, radiation, 
cloud cover and cloud top height. The solar radiation transmitted, backscattered and reflected 
from the atmosphere is recorded with a resolution of 0.2 nm up to 1.5 nm over the range 240 
nm to 1700 nm, and in selected regions between 2000 nm and 2400 nm (Bovensmann et 
al.,1999). More detailed information about the instrument can be found in literature in Burrows 
et al.,1995.  
4.3.2.3  Global Ozone Monitoring Experiment  
 
ERS-2 was launched in April 1995 into a near-polar sun-synchronous orbit at a mean altitude of 
795 km. The descending node crosses the equator every 2800 km at 10:30 local time. GOME is 
a nadir-scanning double monochromator covering the 237 nm to 794 nm wavelength range with 
a spectral resolution of 0.17-0.33 nm. The spectrum is split into four spectral channels, each 
recorded quasi-simultaneously by a 1024-pixel photodiode array. The global spatial coverage is 
obtained within 3 days at the equator by a 960 km across-track swath (4.5 s forward scan, 1.5 s 
back scan). The ground pixel size of the measurements is 320 X 40 km2. The solar irradiance is 
measured daily. Details of the overall scientific objectives of GOME, instrument concept, and 
some first scientific results are reported elsewhere (Burrows et al., 1999). 
4.3.2.4 Global Ozone Monitoring Experiment 2 
 
The GOME-2 is a UV-VIS spectrometer scanning spectrometer launched on board the 
Meteorological Operational Satellite-A (Meteop-A) in October 2006. One of the main goals of 
GOME-2 is the long-term monitoring of atmospheric ozone started by GOME on ERS-2 and 
SCIAMACHY on ENVISAT. Apart from the retrieval of total ozone field (ozone total column and 
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profiles) it allows also for the global monitoring and  column densities of other atmospheric trace 
gases such as NO2, SO2, H2CO, CHOCHO, OClO, H2O and BrO. This instrument covers the 
wavelength interval of 240-790 nm with a spectral resolution of 0.2-0.5 nm. Its ground pixel is 
about 80x40 km2.  
All the information about this instrument can be found in literature at Callies et al., 2000 and 
Munro et al, 2006. 
4.4 Part III – Methods 
 
In the next subsections the Differential Optical Absorption Spectroscopy (DOAS) algorithms used 
for the retrieval of the mean trace gas concentrations along the optical path of measure (the 
Slant Column Densities –SCD) are presented. In addition, the methods to derive the Vertical 
Column (VC) of the analysed atmospheric compound with different Radiative Transfer Models 
are shown. Furthermore, the procedures for the assessment of the vertical profiles are 
described.  
4.4.1 DOAS History and background 
 
Since its introduction in 1979 (Perner & Platt, 1979; Platt et al. 1979), DOAS is a technique widely 
used to obtain the atmospheric trace gases content (Platt, 1994; Solomon et al. 1987) and it is 
by now a well-established method. Thanks to its high sensitivity, DOAS allows for the detecting 
of very low tracers concentrations. With this technique the first measurements of atmospheric 
content of some compounds were obtained starting from the end of the seventies. The first 
results for OH (Perner et al. 1976), HONO (Perner & Platt, 1979; Platt & Perner, 1980), NO3 (Platt 
et al., 1980), BrO (Hausmann & Platt, 1994), IO (Alicke et al.,1999) and glyoxal (Volkamer et al., 
2005) were dealing with their tropospheric content, while the studies for OClO and BrO (Sanders 
et al.,1988) were conducted in the stratosphere (Dix, 2007). 
DOAS is the main method used in this work for the processing of the ground-based spectral 
radiation observations carried out with the SPATRAM instrument. This technique is based on the 
absorption of the UV-Vis radiation from the minor compounds of the atmosphere along the 
optical path travelled by the radiation entering the sensor. DOAS identifies and quantifies the 
trace gas with narrow band absorption structures in the near UV and visible regions. Recent 
studies also demonstrate its appliance in the IR region for the retrieval of CO2 and CH4 
concentrations (Frankenberg et al., 2005; Woyde,2007).  
As for the others remote sensing techniques (cfr. Section 4.2 ), DOAS measurements deals with 
two different configurations: i) active (with an artificial source of radiation - i.e. a halogen lamp) 
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where the measurements are generally performed along a horizontal path; ii) passive (where 
the source of radiation is natural – the sun or the moon). Regarding the active configuration, the 
outputs of the DOAS algorithms (usually called Slant Column Densities - SCDs) are the mean 
value concentration of the investigated species along the Optical Path of Measurements (OPM). 
These results are utilized in studies mainly focused on the air quality monitoring and the 
environmental pollutions problems (Evangelisti et al., 1995; Weibring et al., 2002; Kim et al., 
2007; Salerno et al., 2009). Concerning the passive configuration, the measurements are carried 
out from different directions. The historical one is the zenith sky looking direction. The radiation 
input of the measuring equipment (usually an UV-VIS Spectrometer) is pointed towards the 
zenith. Also in this configuration, the outputs of the DOAS processing are the SCDs. In the active 
mode the OPM is a function of the condition and of the distance of the lamp. In the passive 
mode the OPM is a function of different parameters such as the Solar Zenith Angle (SZA - i.e. the 
angle between the position of the sun and zenith), the atmospheric condition and composition.   
The DOAS methodology is based on the Beer-Bouguer Lambert Law and in the following sections 
the derivation of this relation is presented and the fundamental equation of the DOAS technique 
(DOAS Master Equation) is introduced. 
4.4.1.1 Beer-Bouguer Lambert Law 
 
The Radiative Transfer equation (Eq. 3.12) can be written as: 
                                                             dsJdsIdI                                              (4.1) 
where  is the mass extinction cross section ( kgm /
2
) for radiation of wavelength λ,  ρ is the 
density of the material ( 3/ mkg ), I  is the intensity of the incident radiation,  J  is the source 
function and ds  is a layer with infinitesimal thickness.  
The first term of Eq. 4.1 is the result of extinction (absorption and simple scattering) and 
corresponds to the attenuation of the intensity of the radiation while the second term comprise 
the emission and multiple scattering by the particles of the medium into the propagation 
direction of the incident beam reinforcing the intensity of the beam. 
Since absorption is the most relevant process that contributes for the attenuation the last term 
of Eq. 4.1 can be neglected because 0J . The term   can be substituted by the absorption 
cross section of the gas, g, , in 
2m  and  ρ by the number of molecules by unit volume, C, in 
3/ mmolecules . As a result of these considerations Eq. 4.1 becomes Eq. 4.2 
            dsCIdI g   ,                                                        (4.2) 
56 
 
From Eq. 4.2 it is possible to infer that attenuation suffered by radiation depends on the quantity 
of the optical active gases present in the atmosphere. 
The absorption cross sections are unique for each species allowing for the identification of each 
gas. In Fig. 4.6 the absorption cross sections of some trace gases namely O3, NO2 and BrO are 
presented.  
 
 
Figure 4.6- Absorption cross sections in cm-2 of some trace gases from (Platt & Stutz, 2008). 
 
Integrating Eq. 4.2 along an optical path from 0 to
1S  and considering that in the top of the 
atmosphere the intensity of monochromatic light is equal to 0,I  it is possible to obtain Eq. 4.3. 
                                                       )exp(
1
1
0
,0,, dsCII
S
gS                                                          (4.3) 
The monochromatic optical thickness (  ) (Eq. 4.4) is dimensionless and measures the quantity 
of absorbent material that is present along the optical path.  
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                                                                         dsC
S

1
0
                                                                (4.4)                                                
From Eq. 4.4 it is possible to define the Slant Column Density (SCD) in 2/ mmolecules  as the 
integrated concentration along the optical path (Eq. 4.5) which depends on the SZA ( ) and on 
the wavelength of the incident radiation ( ) . 
                                                                      dsCSCD
S
g 
),(
),(

                                                    (4.5) 
Combining Eq.4.3 and 4.4 it is possible to obtain the Beer Bouguer Lambert Law in its classical 
form (Eq. 4.6) : 
                                                                       )exp(0,, 1   II S                                                     (4.6) 
where
1,S
I  is the intensity of monochromatic light that crosses the atmospheric path Sl   .  
From a practical point of view 
1,S
I   is the radiance that reaches the instrument after 
crossing the atmosphere.  
4.4.1.2 DOAS master equation  
From the linearization of the Lambert-Beer Law in Eq. 4.3, it is possible to deduce the following 
relation (Eq. 4.7). 
                                                                      dsCII
S
gS 
),(
,,0, 1
ln



                                          (4.7)                            
Like it was stated in chapter 2 the atmosphere is a mixture of several gases. Having this in mind 
and combining Eq. 4.7 and 4.5 it is possible to get Eq. 4.8. 
                                                                        
                                                                     ),(ln ,,0, 1   gg
g
S SCDII                            (4.8)       
where the symbol  stands for all optical active trace gases which have contributed to the 
attenuation of the radiation in the UV-Vis spectral range.  
Since absorption cross sections g, are characteristic for each atmospheric compound (as 
shown in Fig. 4.6.) it is easy to identify the gas that we intend to study. Besides wavelength 
dependency g,  also depends on pressure and temperature along the light path. In this work 
this fact was taking into account by considering that the cross sections were measured at 
different atmospheric conditions. 
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The low frequency (the linear or polynomial tendencies) of the various absorption spectra can 
be removed from the Eq. 4.8 with a high pass filter operator with the goal of separate broad and 
narrow band features, leading to the DOAS Master equation (Eq. 4.9). 
                   
  )()()(
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)min,(
ln
),(
)min,(
ln
00

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
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

            (4.9)  
where ),( min0 I  is the reference spectrum obtained at local noon, ),( sI  is a spectrum 
measured for different condition of SZA, )( g are the absorber’s cross sections,   is the solar 
zenith angle, min  is the solar zenith angle reached at the local noon and )(gSCD are the slant 
column densities of the g th absorber; the superscript represents the high pass filter operator 
removing the low frequency features of the spectral series. 
Eq. 4.9 is usually solved in a suitable wavelength interval that includes strong differential 
absorption structures of the trace gases of interest. 
4.4.2 DOAS applied to SPATRAM spectral data 
 
The DOAS master equation can be applied, aiming to retrieve the SCD of one or more absorbers, 
to any spectral series obtained with optical instrumentation obeying to some constrains such as: 
high spectral resolution, frequency calibrated spectra and constant spectral dispersion 
parameters. The SPATRAM instrument is one of the equipments whereby the DOAS can be used. 
Nevertheless, the SPATRAM spectral data have to suffer some pre-processing procedures to be 
prepared before the application of the DOAS algorithms.  
The pre-processing of the data set consists in multiple steps which are applied to the spectral 
series measured with the SPATRAM instrument, indicated as ),( min0 pixI  and ),( pixI s  with 
pix=pixel number of the CCD sensor. The first procedure is called “linearization” or “wavelength 
to pixel mapping” and consists in replacing the pixel numbers with the correspondent 
wavelength value creating a new spectral series where the amplitude of the signal is function of 
the wavelength values. The new spectral series are denoted with ),( min0 dI  and ),( dsI  
where d is a decimal value of wavelength.  
The second phase of the pre-processing data is called “fair-spacing of the spectral data” (FSSD) 
and consists in the transformation of the wavelength decimal values to integer values with a 
fixed spectral step. This algorithms is applied to the new series ),( min0 dI , ),( dsI . In our case 
a spectral step of 2 Å is chosen and the resulting series are ),( min0 I , ),( sI . If the absorber’s 
cross section series are measured with SPATRAM, the linearization procedure has to be applied 
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to  pixg  in order to build the series  dg   and the FSSD algorithms are used to have the   g
. On the other hand if the  dg   are from literature and measured with other equipments, 
beside the FSSD, a function that is the convolution of the instrument transfer function (generally 
called ‘slit function’), has to be applied to the  dg  series. The procedure is made by means of 
polynomial interpolation on 5 points of the original series.  
Now, to continue with the creation of the different terms of Eq. 4.9, the log ratio of the reference 
spectrum - ),( min0 I  - with the analysed one - ),( sI  - has to be done. The superscript term 
of the log ratio spectrum (called also the mean function) is obtained with a so called “Smoothing” 
operation which consists in filtering the high frequency features in the spectral data series. The 
resulting ‘smoothed’ series is obtained with a Fast Fourier Transform algorithm (Press et al., 
1986). The term on the right side of Eq 4.9 identifying the cross sections series suffers the same 
treatment of the left terms. 
Finally, the last step is the differentiation. This procedure consists in calculating the difference 
point to point of the log ratio of the reference spectrum and the measured spectrum and its 
smoothing function. The same for the absolute absorber’s cross section and theirs smoothed 
functions. Now the solution of the Lambert Beer equation, in its differential form (Eq. 4.9) is 
obtained by means of the Singular Value Decomposition (SVD). The results for the retrieval of 
the SCD of O3, NO2 and BrO are presented in chapter 5. In this regards, it has to be noted that 
SPATRAM measures in consecutive spectral windows of about 60nm each as shown in Table 4.1 
together with the spectral resolution and the observable species in each spectral interval. 
In the particular case of our study the spectral intervals designated in table 4.1 with ID 3337, 
3850 and 4358 are used. 
In the following, an example illustrating in a qualitative mode the general procedure leading to 
the retrieval of O3 SCD with UV spectral data, is presented. The same method was used for the 
other gases just varying the wavelength interval and the absorption cross sections series. 
In Fig. 4.7 two spectral series measured with the SPATRAM instrument at local noon ),( min0 I
) and at twilight (sunset or sunrise periods) ( ),( sI ) are plotted. It has to be noted the 
significant difference in the 310-330nm spectral range of the intensity of the measured 
radiation. This is mainly due to the different atmospheric paths the radiation travelled before 
reaching the instrument leading to an increased absorption by atmospheric compounds (in this 
spectral range mainly due to O3). 
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Table 4.1 - Observable species detected with SPATRAM and their respective spectral range and ID and optical 
resolution (from Bortoli et al., 2010). 
 
ID Spectral range  
(nm) 
Spectral optical resolution 
(nm) 
Observable species 
2823 252.3 - 312.3 0.3 O3, SO2, ClO, NO 
3337 303.7-363.7 0.3 O3, SO2, H2CO, BrO, OClO, 
NO2, aerossols 
3850 355.0-415.0 0.4 BrO, OClO, NO2 
4358 405.8-465.8 0.5 NO2, OClO, H2CO 
4861 456.1-516.1 0.5 NO2 
5332 503.2-563.2 0.6 NO2, O3, (O2)2 
5814 551.4-611.4 0.6 NO2, O3, aerossols 
6282 598.2-658.2 0.6 O3, O2, (O2)2), NO3, H2O, 
aerossols 
673 643.4-703.4 0.6 O3, O2, NO3, H2O, aerossols 
7201 690.1-750.1 0.7 O2, H2O 
7677 737.7-797.7 0.7 O2 H2O, clouds 
8195 789.5-849.5 0.7 H2O, aerossols 
8622 832.2-892.2 0.8 H2O, aerossols 
9023 872.3-932.3 0.8 H2O, aerossols 
9405 910.5-970.5 0.9 H2O, aerossols 
 
 
 
Figure 4.7- Intensity of monochromatic radiation that crosses the atmosphere (
1,S
I  ) at twilight (AM or PM) versus 
the intensity of monochromatic radiation at local noon ( 0,I ) obtained with SPATRAM for Ozone measurements.  
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The logarithmic term in Eq. 4.9 is plotted in Fig. 4.8 illustrating the variation of 
 ),(),(ln min0  sII  versus wavelength. The mean function of the log-ratio 
 ),(),(ln min0  sII ), obtained applying the high pass filter to the original series, is also 
shown. 
 
Figure 4.8- Plot of  ),(),(ln min0  sII versus wavelength for UV spectral range (orange) and the smoothing 
function (brown).  
 
The same is done for the absorber’s cross section series ( )()()(  ggg  ) and Fig. 4.9 
shows the variation of the difference between  ),(),(ln min0  sII  and  ),(),(ln min0  sII  
(also called “differential optical density term”) and the O3 differential absorption cross section 
(red) with the wavelength.  
It can be noted how the differentiation procedure amplifies the maxima/minima distances for 
both series. Furthermore, the shapes of two series are quite similar (with a scaling factor of the 
order of about 1021), evidencing that in this spectral range the radiance attenuation is almost 
completely due to the O3 compound.  
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Figure 4.9- “Smoothing” process which consists in filtering the high frequency features in the spectral data series. 
The presented values are 
  )/ln(ln
11 ,,,0, SoS
IIII   versus wavelength (grey) and ozone differential absorption cross 
section (red).  
 
After these preliminary operations, a first guess of the O3 SCD value is obtained solving the DOAS 
Master Equation with the SVD method (Press et al., 1986). 
The true value of the O3 SCD is the one obtained when a nearly perfect overlap of the differential 
optical density with the differential cross section is obtained and this can be reached operating 
an accordion effect on the differential term. This effect is obtained with a procedure called of 
‘shift and stretch’ where the modification of some functional parameters leads to the 
dilatation/compression/shift of the differential optical density. The shift and stretch procedure 
is an iterative process that is based on the Marquardt’s methods (Press et al., 1986), where the 
main goal is the minimization of the Sum Of Squares (SOS) of the residual spectrum. The residual 
spectrum is the difference between the differential optical density and the differential 
absorption cross section times the solution obtained with the SVD procedure. 
Graphically, the iterative process corresponds to the accordion effect previously described. 
The absorber’s cross section compounds used in this work are: O3 (at 221 K and 241 K) (Burrows 
et al., 1999), NO2 (at 221 K) (Burrows et al., 1998), and BrO (at 228 K) (Wilmouth et al.,1999). 
Scattering processes and polarization effects can introduce systematic errors in the retrieved 
amounts. Therefore, additional ‘non-absorption’ cross sections such as Mie, Rayleigh, Ring and 
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polarization cross sections are introduced (Chance et al., 1997; Kostadinov et al. 1997) in the 
data processing procedure. 
In summary, the spectral evaluation consists of a least squares fit procedure where differential 
cross sections of the absorbers are adjusted to the differential log-ratio of the reference 
spectrum and the measured series obtained in different conditions (read different Sun’s 
elevations). 
The solutions of the DOAS master equation are the SCDs of the trace gases that shows 
absorption features in the investigated spectral range. As remembered in section 2.3.1.2, the 
atmospheric contents of O3 and other atmospheric compounds are expressed as vertical column 
densities (VCD). The factor allowing for the transformation of the SCD to VCD is the Air Mass 
Factor (AMF). The AMF can be seen as a geometrical factor, function essentially of the Sun’s 
elevation and of the wavelength, and it is defined as follows: 
 
),(/),(),(  ggg VCDSCDAMF                                  (4.11) 
 
Actually for the computation of the AMF the use of a RTM is required. The main differences 
between the RTMs developed for this purpose have to be identified in the single or multiple 
scattering approaches even if for measurements at high SZA, the values obtained for the AMFs 
are very similar, considering the 2 different scattering conditions. The RTM used in this work are 
presented in the next sections.  
4.4.2.1 Atmospheric Model for Enhancement Factor Computation - 
AMEFCO 
 
For the retrieval of O3 and NO2 total columns and NO2 vertical profiles it was necessary to use 
the radiative transfer model AMEFCO. AMEFCO is used basically to calculate the atmospheric 
Air Mass Factor in the measurement conditions and convert the slant column (SC) into the 
vertical column (VC) (Petrioli et al., 2002 b). AMEFCO model was developed at ISAC – CNR and it 
is based on the Intensity Weighted Optical Path (IWOP) approach (Slusser et al. 1996). The 
AMEFCO is a single-scattering model using ray tracing in a spherical 2-D atmosphere (proﬁle 
variation with SZA) with optical paths integrated over individual shells. Light refraction is not 
included. (Petrioli et al., 2002 a).  
To understand the mathematical model behind the AMEFCO it is necessary to realize the 
considered geometric model of the atmosphere (Fig.4.9). For this purpose the atmosphere is 
structured as spherical shells of 1 km thickness. 
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Figure 4.10- Path of radiation (yellow) along the vertical direction for Solar Zenith Angles (SZA) inferior to 90º 
(upper panel) and superior to 90º (from Bortoli, 2005). 
 
For our study let us consider the radiation that reaches the layer l after crossing obliquely the 
atmosphere. It is possible to infer that the intensity of the radiation at that altitude is different 
from the TOA intensity due to scattering of air molecules and to the selective absorption of the 
atmospheric gases which depend on their absorption cross sections (as in Eq.3.9). Finally the 
intensity of the radiation that reaches the layer l, )(lI , is given by equation 4.12. 
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where )(0 I  is the intensity of the radiation at TOA, a is the density of the air in the i shell in 
molecules/cm3, )(is is the slant path depending on SZA and altitude, g  is the absorption 
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cross section of the gas, g  are the gas profiles and R is the Rayleigh scattering coefficient 
given by Eq. 4.13. 
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                                          (4.13) 
In the last equation   is the density of the medium and N it is the respective refractive index 
calculated by Eq. 4.14. 
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where P and T are the pressure and temperature profiles for the mid- latitudes from the UVSPEC 
model (Mayer and Kylling, 2005; Mayer et al., 2012). Also the input parameters like air density 
and gases concentration profile are taken from standard atmosphere UVSPEC database for mid-
latitudes (Petrioli et al., 1999).  
The intensity of the radiation that reaches the ground-based instrument is given by Eq. 4.15. 
This radiation suffers a new attenuation along the vertical path II after been scattered at the 
altitude zlz  . 
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where ),,( zlG    is the part of energy that is scattered along the vertical path direction 
towards the instrument and is equal to eq. 4.16. 
 
                                         zzfIzlG aRl  )()()()(),,(                                       (4.16) 
 
In the last equation the fraction of the flux scattered towards the ground as function of the SZA 
is given by the scattering phase function, )(f . For the Rayleigh scattering of unpolarized light 
)(f  is given by eq. 4.17. 
                                                           ))(cos1(
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)( 2  f                                                          (4.17) 
The total energy reaching the sensor is given by Eq. 4.18.  
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In order to calculate the AMF it is essential to reduce the light beam to a single trajectory 
recalling that the radiation can cover different paths. To choose a single path it is necessary to 
adopt a criterion that is based on the definition of a function of probability. The scattering 
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probability, ),( lp , is the probability that the scattered bundle, at a predefined altitude, 
reaches the instrument and can be calculated using Eq. 4.19.  
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After the calculation of )(, lI s for each layer Eq. 4.19 allows for assigning a weight to any path 
reaching the layer l of the vertical line. Therefore, Eq. 4.19 allows finding the path that 
contributes more significantly for the scattering of radiation along the vertical direction. This 
method is known as IWOP.  
The equation that allows for the calculation of the AMF is given by Eq. 4.20 and it is a result of 
adding the gas profile in the sum (giving the SCD) and dividing by the vertical column. 
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where )(l  is the index along the path intersecting the vertical in the l layer, MSL is the Minimum 
Scattering level which is the minimal layer where the light is scattered and can be calculated 
with Eq. 4.21 where tR  is terrestrial radius. 
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From the analysis of Eq. 4.20 it is possible to infer that AMF is not a constant value because it 
varies with some factors such as: a) the gases concentration profile , g( )(l ), b) the SZA, , and 
c) the spectral region where the measurements are obtained due to the influence of wavelength 
in the light path. 
4.4.2.2 PROcessing of Multi-Scattered Atmospheric Radiation – 
PROMSAR 
 
PROMSAR is a radiative transfer model that considers the effects of multiple scattering by 
molecules and aerosols (Palazzi, 2005 a). It has been developed also by the ISAC-CNR Institute 
and it has been partially validated by comparison with other transfer models (Palazzi, 2005 c). 
Besides the computation of the effects of multiple scattering by molecules and aerosols, the 
PROMSAR model also give the possibility to calculate for example transmittances of the 
atmosphere, irradiances, radiance for a defined atmospheric scenario (Palazzi, 2008). It is 
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considered a more realistic model of the atmosphere than the AMEFCO model because 
PROMSAR considers also multiple, Rayleigh and Mie scattering. This is important because it gives 
a more accurate description of the optical properties of the scattered light leading to a better 
estimate of the SCD values of the trace gases under investigation.  
The PROMSAR model considers that the atmosphere is modelled with a spherical 2D geometry 
and is divided into several layers. The model calculates the mean path of the radiation for each 
one of those layers taking into account the processes that solar radiation undergoes in each of 
them.  
The mean path of photons is the main quantity computed by PROMSAR, and it is then employed 
to calculate the AMF of several trace gases making the ratio of the integral of the gas 
concentration along the photons-path (the SCD modelled values) with the vertical column of the 
analysed compound (Eq. 4.24). 
The AMF can be estimated for different atmospheric scenarios and different quantities such as 
the position of the sun (SZA), the telescope Line of sight (LOS – the elevation of the optical device 
used for the measurements – in our case the MIGE), the aerosol profile in the atmosphere, 
radiation wavelength, for example. PROMSAR also allows for the calculation of the weighting 
functions needed for the calculation of trace gas vertical profiles using inversion methods. 
This model is based on a backward Monte Carlo technique. This approach consists of using 
probabilistic methods to simulate the individual trajectories of individual photons in the 
atmosphere. In order to simulate the trajectories each starting photon is released from an 
imaginary source (the detector) in the LOS direction and is followed in a direction opposite to its 
true physical propagation. That is the reason for the name backward Monte Carlo (MC) scheme. 
After this each original photon is assigned a statistical weight (i.e. the source intensity) and their 
path in the atmosphere is traced.  In general the process behind the generation of a path can be 
described as the transformation of random numbers generated by computer in probability 
density functions derived from basic scattering and absorption properties of the medium that 
lead to the deduction of the Free Optical Path (FOP) from Beer-Lambert Law. These random 
numbers also determine the type of scattering events that occur. The next procedure is forcing 
the photons to collide in order to access their new direction. The history of the photon (name 
given to simulations) continues after a fixed number of collisions and, as a result, a new path 
length is created. A detailed description of this approach can be found in literature (Palazzi, 
2005a, 2005 b; Palazzi et al., 2008; Palazzi, 2008).   
In summary: the input data necessary to run the PROMSAR code is the following: a) the features 
of the MC calculation like the receiver and the source description, batch strategy, etc. and b) 
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physical data needed to history tracking (simulations) for example absorption and scattering 
coefficients. 
This physical data is available using the MODerate resolution TRANSmittance (MODTRAN) code. 
This code includes a variety of models of atmosphere including mid-latitude summer and mid-
latitude winter models among others and are characterized by temperature, pressure and 
molecular density vertical profiles and for an accurate description of the scattering and 
absorption coefficients of molecules and aerosols and the Rayleigh and Mie phase functions. 
To run the code some steps must be performed such as (Palazzi, 2008): 
• the calculation of the gas slant column,
gSCD , according to equation 4.22. 
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where mulS   is the mean photon path into the l
th layer computed by PROMSAR in units of 
centimeters (cm), the subscrit mul denotes the multi-scattering process and g  is the gas 
concentration in molecules/cm3 which is assumed to be constant in each layer,    is the SZA.
mulS  varies with SZA and   and meteorological parameters which characterize the 
atmospheres taken from MODTRAN code; 
• the 
gVCD  integrating the number density of the considered absorber in the vertical 
direction over the modelled atmosphere given by equation 4.23: 
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where z  is the altitude step. 
After these steps are fulfilled it is possible to calculate finally the AMF combining Eq. 4.22 and 
4.23 according to Eq. 4.24.                                                     
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In spite of the multiple scattering approaches, the differences between the AMEFCO and 
PROMSAR results in terms of AMFs became noteworthy only for measurements in direction 
away from the vertical. This new configuration of measurements, called “Off Axis” or “MAX-
DOAS” (Multiple AXis DOAS), is briefly presented in the next section. 
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4.4.2.3 Multiple AXis Differential Optical Absorption Spectroscopy (MAX-
DOAS) 
 
The MAX-DOAS configuration represents a significant advance, with respect to the Active and 
the Zenith sky DOAS, in terms of detectable species and temporal and spatial resolution of the 
data. This methodology utilizes scattered sunlight received simultaneously or quasi- 
simultaneously from multiple viewing directions. This method is particularly suitable for the 
monitoring of tropospheric compounds due to enhanced sensitivity of the off-axis technique 
(Palazzi, 2008) in the lower troposphere. This increase of sensitivity is due to the enhancement 
of the length for the tropospheric path that is bigger in the off-axis measurements which leads 
consequently to the increase in the amount of scattered radiation collected for the low elevation 
angles of the input device. The dependence of the stratospheric and tropospheric path lengths 
is function of different quantities: the first one (the stratospheric path length) is a function of 
SZA while the second one is depending on the variations in the instrument LOS. Therefore in the 
troposphere the measurements show more sensitivity using this new off axis technique since 
the atmospheric paths are longer in the viewing directions near the horizon.               
Some problems can arise from the use of this technique. For example the AMF, essential for the 
determination of the vertical column of the analysed compound, have to be calculated 
accounting for the multiple scattering, since this optical process has an increased weight on the 
Off-Axis measurements ( Fig. 4.11) . Combining the measurements with RTM calculations (that 
have taken in account the multiple scattering paths) and appropriate inversion techniques it is 
possible to retrieve the vertical profile information. The vertical resolution of the profiles can 
reach the 100-200 m in the lower troposphere.  
 
Figure 4.11- Illustration of the zenith sky and off-axis viewing geometry. It is possible to see the enhancement of 
absorption path length in the troposphere due to several off-axis viewing direction near the horizon (adapted from 
Heckel et al., 2005).  
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4.4.2.4 Reference spectrum 
 
Actually, from the definition of the DOAS Master Equation, the SCD are differences between the 
content of the absorber in the analysed spectrum and the amount of the considered compound 
in the reference spectrum. Consequently, the SCD are effectively the DSCD (Differential Slant 
Column Density), therefore the choice of the reference spectrum and the quantification of 
absorber’s content in it, are crucial task that are clarified in the following. 
The reference spectrum - ),( min0 I - used for the DOAS analysis has to be measured in optimal 
atmospheric conditions (sunny day without clouds) gathered at local noon. Therefore the optical 
thickness is smaller when compared with the other hours of the day, and due to the shortest 
optical path the absorption of the atmospheric compounds is minimal.  
Depending on the type of study to be carried out, different reference spectrums have to be used 
for the DOAS processing: in case of assessment of tracer’s seasonal/annual variations (climatic 
studies), only one ),( min0 I  is selected for the whole dataset analysis; to appreciate the 
diurnal changes in the SCD of the selected compound, the best choice is to use a daily reference 
spectrum. 
The following procedure is mainly used for the selection of ),( min0 I used for climatic studies. 
For some days near the summer solstice (highest sun elevation), the ratio between the 
“exposure” time and mean signal of the spectral series obtained by the spectrometer is 
calculated. This parameter is called Flux Index (FI) and it provides information on the variation 
of the incoming radiation quantity and can be used also for the first evaluation of the quality of 
the measured spectral data.  
Fig. 4.12 shows the FI for 2 days under different meteorological conditions at the Évora station: 
a clear sky day and a cloudy day. For the first case the FI values describe a regular function during 
the day. In cloudy conditions, the FI can increase and turn irregular, mainly due to the increase 
in the forward scattering caused by the marked phase function asymmetry of the diffusing 
particles.  
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Figure 4.12- Ratio of the signal obtained by the spectrometer and its “exposure” time (Flux Index in ms/ digital 
counting) calculated at the Évora station for a clear sky day and cloudy day.  
 
The best regular function corresponds to the reference spectrum selected for the DOAS 
processing. 
At mid-latitudes, to estimate the content of the analyzed compound in the reference 
spectrum ( ),( min0 ISCD ) the Langley plots of the retrieved values during one day, before the 
local noon (AM) and after the local noon (PM) versus the series of the calculated AMF values are 
usually used. The evaluation of the ),( min0 ISCD  cannot be obtained by applying the DOAS 
algorithms to the reference spectrum itself, since the associated system will be singular. The 
),( gSCD  can finally be calculated as follows:  
           ),(),(),( min0  Igg SCDDSCDSCD                                     (4.25) 
4.4.2.5 Error assessment for SCD and VCD calculations 
 
For the calculation of SCD and VCD errors it is necessary to turn to the residual variance 
definition (Wilks, 1995) given by Eq. 4.26. 
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where 2
es is residual variance, n  is the number of data available in the sample and  ie is the 
residual that can be calculated using Eq. 4.27.  
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The last term of Eq. 4.26 is called Sum of Squared Errors (SSE) and can be calculated using Eq. 
4.28. 
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There are also other errors associated to the results  designed as “goodness-fit of 
measurements”  from where it is possible to calculate the Var Slant Absorber (VSA), which is a 
quality parameter that results from the adjustment between the curves 
  )/ln(ln ,,,0, 1 SoS IIII    and )(,   gg
g
SCD . The VSA parameter can be calculated 
using Eq. 4.29 (Wilks,1995): 
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where SST (Total Sum of Squares) is defined as being the sum, over all observations, of the 
squared differences of each observation from the overall mean  given by Eq. 4.30: 
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where SSR is the Regression Sum of Squares given by Eq. 4.31, defined as the sum of the 
difference between the parameter related to the regression, y(xi)  and the mean of y, y, given 
by Eq. 4.31: 
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4.4.3 Retrieval of atmospheric trace gases profiles  
4.4.3.1 Retrieval process / theory 
 
The retrieval of the vertical distribution of atmospheric constituents from indirect 
measurements is a used common technique in atmospheric sciences and generalized to several 
types of instruments like ground-based spectrometers or even instruments onboard satellites.  
Therefore the solution of the inverse problem is one of the main challenges in the field of remote 
sensing. The solution to this problem is very useful in order to get information about a physical 
parameter (e.g. pressure, temperature, trace gas vertical profiles, etc.) that usually cannot be 
measured directly (using sensors such as radiometers, optical sensors, RADAR, LIDAR, etc.). In 
this sense we are able to convert observed measurements into information about a system.  
The retrieval of an atmospheric trace gas profile using an absorption spectrum recorded by a 
ground- based instrument relies on the inverse theory. The case studies presented in this work 
deal with the use of the SPATRAM instrument measuring  the UV- VIS (200-900 nm) radiation 
and with the processing the measured spectral data with DOAS algorithms to obtain the SCD of 
a trace gas ( O3 and NO2). After that, the observed SCDs values are used to retrieve the VCD 
contents and also the vertical profile of those gases in the atmosphere. 
In the following the inversion algorithms developed and applied to derive the vertical 
distribution of NO2 are presented. 
4.4.3.2 Algorithm to retrieve the NO2 stratospheric vertical profiles  
 
The slant column density of a trace gas for a certain wavelength ( ) and solar zenith angle (SZA) 
can be related to its concentration (
gC ) at a given altitude ( z ) using equation 4.32 as described 
in § 4.4.1. 
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With the help of inversion techniques it is possible to determine the vertical profile of the gas 
(absorber) from Eq. 4.32 using only the variation in SCD with SZA measured by the instrument. 
If we analyse Eq. 4.32 it is possible to find a similarity between it and a Fredholm first kind 
integral (Eq. 4.33) which is a typically example of a linear inverse problem: 
                                                                     
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where the function ),( stk  is the kernel or kernel function where  bast ,,  , , which represents  
the relative contribution curve as a function of two variables t and s (can be for example a 
wavelength or the SZA, and height, respectively); )(s  is the required distribution. In remote 
sensing problems that involves radiation measurements a measurement made at a certain it   
involves radiation not just from a height (say is ) but also from the neighbouring region where 
),()( stksk ii   contribution is considered. If the interval between s  and ss   contributes to 
the i th measurement the amount of radiation for that height will be ssski )()(  . The total 
measured radiation will be  dssstk )(),(   and the limits for the integral depend on the 
extension of the observation. Looking to Eq. 4.33, the forward problem is the calculation of the 
integral when )(s is given, whereas the inverse problem is the reconstruction of )(s when
)(tf is provided (by observation at various t values) and the kernel is known. The solution of Eq. 
4.33 (similar to Eq. 4.32) requires inversion to get the )(s  distribution. In order to solve Eq. 
4.33 it is important to use numerical methods for inversion like the Optimal Estimation Method 
(OEM). The OEM is a generic algorithm formulated by Rodgers (Rodgers, 2000) for solving 
atmospheric inversion problems like for example solving the underdetermined problem that is 
deriving a trace gas profile of O3 and NO2 from an absorption spectrum. In applied statistics the 
optimal estimation is a regularized matrix inverse method. 
We can rewrite Eq. 4.33 as an operator equation (Eq. 4.34):  
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with RtdssstktK
b
a
  ,)(),())((  . Comparing Eq. 4.32 with Eq. 4.33 it is possible to identify 
the AMF as the kernel of Eq. 4.32.  This means that the retrieval of the vertical profiles of the 
trace gases relies on forward model calculations of the changes in AMF and therefore in SCD as 
a function of SZA. The sets of AMF are used to generate the square matrix ijAMF in which i
represents the SZA and j the number of layers.  For this study the vertical column was divided 
in 20 layers of 2.5 km thickness each from the ground up to 50 km altitude. This square matrix 
relates the change in apparent SCD of the gas in each layer of the model. This can be expressed 
by the following linear matrix model (Eq. 4.35) which is important to model the measurements 
through a RTM.  
        jij
m
i VCDAMFSCD                                                     (4.35) 
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where miSCD is the modelled/corrected slant column amount at a SZA i , ijAMF is the air mass 
factor matrix at SZA i  and  at layer j  and VCD is the vertical column density (or the 
concentration of the trace gas)  in layer j . The forward model used in this study to calculate the 
weighting functions is the AMEFCO RTM. A forward model is a physical model that describes the 
measurement process (with a better accuracy than the measurement itself) and it may be an 
algebric or algorithmic description. It is described as a model because there may supports 
physics which is still uncertain, or the real physics may be so complex that approximations are 
necessary. 
To solve Eq. 4.35 in order to the concentration of the gas in each modelled layer it is necessary 
to get the inverse of ijAMF (if it is a square and non-singular matrix) which is jiA  and solve the 
matrix equation Eq. 4.36. 
                                                                o
ijij SCDAVCD                                                            (4.36) 
where o
iSCD is the observed SCD at SZA i . 
For this study sets of SCDs and AMF were used to retrieve the O3 and NO2 vertical profiles using 
the OEM. Using the OEM it is possible to get a reasonable solution, despite the use of a 
unconstrained linear method in presence of noise that could lead to a wrong results (negative 
results) in some atmospheric layers. In order to get the solutions using this method we start to 
assume an initial guess profile of the trace gas 1njVCD  for the first iteration. To estimate a new 
concentration profile 1njVCD  Eq. 4.37 is used. 
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where njVCD  is  n
th iteration solution, NL is the number of layers in the model, jlW are a set of 
weighting factors used to stabilize the convergence of the solution and )( jk represents the solar 
zenith angle at which layer j has the largest AMF. For the calculation of the weighting factors we 
have to apply Eq. 4.38. 
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                                                           (4.38) 
For each layer l , jlW  can be normalized using Eq. 4.39. 
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The number of interactions is limited by a maximum value that is imposed at the beginning for 
that or when the fitting error between the observed and modelled values is approximately the 
same as the estimated uncertainty in the observations.  
4.4.3.3 Algorithm to retrieve the NO2 tropospheric vertical profiles and 
tropospheric vertical columns 
 
The main differences between the stratospheric and tropospheric vertical profile retrieval are: 
i) the different geometry of observation (Zenith-Sky/vertical looking and Multi Axis respectively); 
ii) the atmospheric model adopted (Fig 4.10); iii) the different forward model utilized (AMEFCO 
and PROMSAR). As seen in the previous section, for the stratospheric algorithms the SCD 
observations for different SZA values are related to the correspondent AMF series. For the 
tropospheric vertical distribution the almost simultaneous SCD observations, for different 
directions (called LOS - Line of Sight) of the radiation input device, are related to the simulated 
radiation paths for the correspondent LOS.  
Also in this case, the profile retrieval method is based on the OEM described by Rodgers, 2000. 
The set of measurements, s, can be related to the vertical profile, z, using a forward model, M, 
as expressed by Eq. 4.40.  
                                                                             ),( pzMs

                                                    (4.40) 
where p

  is the vector of the forward model parameters; δ is the sum of the measurement error 
and of the model error, s

 is the vector of  SCD as a function of the LOS and wavelength obtained 
from the SPATRAM+MIGE spectral measurements using the DOAS method, and z

 is the vertical 
profile of the trace gas of interest. The profile z is a continuous function in the real atmosphere, 
nevertheless the retrieval algorithm has to sample it discretely. Consequently the vertical profile 
is presented as a vector. The linear form of equation (4.40) is given by Eq. 4.41:  
                                                                                    zKs                                                          (4.41)  
where Δz is the perturbation in the vertical profile, Δs is the change in the slant columns due to 
the perturbation in the vertical profile and 
dz
ds
K   . The rows of the K matrix are the weighting 
functions, and each row corresponds to a different measurement taken at a specific LOS and in 
a specific wavelength region. The weighting function characterizes the sensitivity of the 
measured slant columns s

 to the variation of the vertical profile z

. The forward model used in 
this study to calculate the weighting functions is the PROMSAR
 
Radiative Transfer Model. The 
PROMSAR provides the light paths that are then converted in the weighting functions of the K 
matrix. The solutions of the matrix equation 4.41 are the VCD values for each layer of the 
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atmospheric model of Fig. 4.11. The integration of the VCDs series for the apriori fixed altitude 
limits (typically 2km height with a resolution of 200m) gives the vertical distribution of the 
considered atmospheric compound.  
Focusing the tropospheric part of the atmosphere, the concept of Differential Slant Column 
Density at the elevation angle   (DSCD  ) (Fig. 4.11) need to be introduced and it is shown in 
the following equation: 
                                                      








 


 I
I
SCDSCDDSCD 9090 log
1
                            (4.42) 
where  the SCD is the SCD for the trace gas at elevation angle  , 90SCD  is the SCD of the 
trace gas obtained for the zenith direction ( =90º), 90I is considered the reference spectrum, 
i.e. the intensity that reaches the instrument from the zenith direction, I  is the intensity of 
solar radiation that enters the instrument at the elevation angle  , and   is the absorption 
cross section of the studied gas. 
In order to convert the DSCD into a tropospheric trace gas column, a Differential Air Mass Factor 
(DAMF  ) given by Eq. 4.43 must be considered: 
                                                                  90AMFAMFDAMF                                              (4.43) 
where AMF  is the AMF related to the elevation angle   and 90AMF  is the AMF for the zenith 
direction. The PROMSAR model (instead of the AMEFCO) is used to perform the AMF's 
calculations since in the troposphere the effects of multiple scattering are more significant than 
in stratosphere due to the presence of more diffusers of solar radiation. 
Combining Eq. 4.42 and 4.43 it is possible to achieve Eq. 4.44 which gives the tropospheric VCD 
for a given   ( VCD ). 
  





90
90
AMFAMF
SCDSCD
DAMF
DSCD
VCD




                                (4.44) 
For different elevations it is possible to obtain several values of VCD that will allow for the 
drawing of the tropospheric vertical profile of the considered trace gas. 
In order to calculate the trace gas tropospheric content (
TropVCD ) it is necessary to integrate 
the tropospheric profile (obtained via Eq. 4.44) along the column using Eq. 4.45, 
                                                              


m
j
jj
m
j
jTrop
cΔhVCDVCD
11
                                   (4.45) 
where m is the partial vertical columns, j identifies the layers, jΔh is the thickness of the partial 
column, jc is the concentration of the partial column. 
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5. Results 
5.1 Introduction 
 
This chapter is divided in three parts as follows: 
• total column variability of trace-gases (O3, NO2 and BrO). All of these data are obtained 
applying the DOAS methodology to the measurements of diffused spectral sky radiation 
carried out along the zenith direction performed with the SPATRAM instrument. The 
forward model AMEFCO is used to retrieve the vertical column for the above mentioned 
atmospheric compounds ; 
• vertical distributions of NO2. The profiles are retrieved with inversion methods 
presented in §4.4.3 applied to the output of the DOAS algorithms (the SCDs); 
• air quality monitoring over the CGE-UE observatory in Évora-Portugal, using a synergy 
between the 'measured' SCDs and the back trajectories computed with the HYSPLIT 
model . 
5.2   Measurement site description 
 
Fig. 5.1 (left panel) shows the location of the Évora station in the South Western part of the 
Iberian Peninsula. Évora is located at about 130 km eastward from the Lisbon city area and about 
100 km westward from Badajoz (Spain). Located in the interior of Portugal, Évora can be 
considered as a continental rural site having very low pollution levels. The surrounding areas are 
mainly rural with a small agriculture activity. In Fig. 5.1 (right Panel) the location of the 
observatory of the CGE is highlighted in the southwest part of the Évora downtown.  
 
 
 
 
       CGE -UE Obs. 
SPATRAM+MIGE 
Évora´s City Centre 
Figure 5.1- (Left Panel) Location of the Évora station in the South Western part of the Iberian Peninsula; 
(Right Panel) Évora city. SPATRAM + MIGE positioning at the Observatory of the Geophysics Centre of the 
University of Évora (adapted from Bortoli et al, 2009). 
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5.3  Total O3, NO2 and BrO variability from ground-based and satellite           
instruments over South of Portugal   
 
This section includes the study of ozone, nitrogen dioxide and bromine oxide variability over 
Évora station –Portugal with remote sensing measurements. The instruments used for the 
measurements are the ground based spectrometer SPATRAM (for O3, NO2 and BrO) and 
instruments aboard satellites. The satellite data are obtained from the following sensors: OMI 
(for O3, NO2 and BrO), SCIAMACHY (for O3 and NO2), GOME (for O3) and GOME-2 (METOP-A) (for 
NO2) instruments. The SPATRAM measurements were done during the period of 2007-2011 at 
the Évora CGE-UE Observatory. This section comprises the study of daily and seasonal variability 
of those gases retrieved from the SPATRAM diffused spectral sky radiation measurements as 
well the comparison of the gases retrieved from the SPATRAM data with the corresponding data 
obtained from the above mentioned satellite sensors. 
5.3.1  O3 over Évora station for the period 2007-2011  
 
To retrieve the O3 Slant Column Density (SCD) values, the DOAS algorithms are applied in the 
320-340 nm spectral range. The data obtained with SPATRAM instrument comprises all the solar 
zenith angles (SZAs) between the highest daily solar elevation (minimum SZA) down to 
approximately 93º of SZA.  
5.3.1.1 O3 diurnal variation 
 
In order to investigate the O3 diurnal variation, the values of SCD for this compound are plotted 
versus the SZA values during one typical day (Fig. 5.2). Aiming to distinguish the SCDs values 
before and after the local noon, the SCD time series is split in 2 different series: the AM SCD data 
for the values from the sunrise to the local noon, and the PM SCD time series for the local noon 
– sunset temporal period.  
As expected the O3 SCDs vary during the day with the SZA. The SCDs values are strongly 
dependent on the Sun position: actually, referring to figure 4.10 explaining the atmospheric 
model adopted, and Eq. 4.11 defining the SCD, it can be noted that for the lowest values of SZA 
(local noon) the optical path of measurement is minimum leading to the minimum value for the 
SCD value; on the other hand, for values of SZAs towards the sunset or from the sunrise period 
the optical paths travelled by the radiation entering the instrument increase resulting in the 
increasing values for the SCDs. In this frame the maximum SCD value should be expected for SZA 
even greater than 90º due to the increased optical path, but not for SZA of 87º as it can be seen 
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from Fig. 5.2. This behavior is caused by the attenuation of the UV radiation (320-340nm spectral 
range) with the increase of the SZA.  
 
Figure 5.2- Time series of the O3 Slant Column Density (SCD) in molecules/cm2 obtained with the SPATRAM 
equipment installed at Évora Observatory for the 19th January 2007. 
 
The uncertainties associated to the SCD values are minima since they are originated only by the 
DOAS algorithms and measurements’ systematic errors. Nonetheless, for climatic as well as for 
air quality studies, the scientific community utilizes the integrated concentration along the 
vertical direction (VCD - Vertical Column Densities) of the different atmospheric compounds. As 
detailed presented in section 4.4.2, the VCDs values are the ratio between the SCDs and the Air 
Mass Factor (AMF). Therefore for the error theory the uncertainty related to the VCD is higher 
than the ones of the SCD. 
Due to the wavelength dependency of the AMF, different run of the forward model utilized for 
the computation of the AMF (in this case the AMEFCO RTM) were performed, in order to obtain 
the AMF time series with the best fit to the SCDs values. Fig. 5.3 shows the best AMF function 
obtained almost perfectly coincident with the SCDs (AM and PM) time series. 
The VCD time series correspondent to the SCDs values presented in Fig. 5.3 is shown in Fig. 5.4. 
The VCD values (or Total Column –TC) are more meaningful than the SCD, even if the 
inaccuracies increase significantly (§4.4.2.5). The TC are widely used in studies regarding year to 
year or seasonal variations/fluctuations of the analysed compound.  
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Figure 5.3- O3 Slant Column Densities (SCD) values and Air Mass Factor (AMF) versus time for the 19th January 2007 
over Évora retrieved from SPATRAM measurements.  
 
The daily mean of the data presented in Fig. 5.4 , is of (299 ± 3) DU, and as a first data 
validation/comparison the TOC (Total Ozone Column) value for the same day measured with the 
OMI instrument (not shown), is of (302 ± 3) DU. The same diurnal behaviour is observed for the 
whole considered period (2007-2011), although the O3 VCD values follow a seasonal pattern as 
presented in next section.  
 
Figure 5.4- O3 Vertical Column Densities (VCD for the 19th January 2007 over Évora retrieved from SPATRAM 
measurements. 
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5.3.1.2 O3 seasonal variation   
  
In Fig. 5.5  the time series of the mean daily O3 VCD retrieved from measurements of the 
SPATRAM instrument are plotted for the period March 2008 – March 2009. As expected, a clear 
seasonal trend of the plotted values emerges, following a sinusoidal pattern due to the relation 
between solar activity and O3 photochemical behaviour. The seasonal behaviour of O3 registered 
at Évora´s Observatory using SPATRAM instrument is consistent with the literature for the 
northern mid-latitudes where the maximum values are found in spring and the minimum values 
in autumn. At mid-latitudes and specifically over the Iberian Peninsula the strong seasonal 
variability of the daily O3 total columns are probably caused by: 
 a) dynamical processes such as Dobson-Brewer circulation (Antón et al., 2008, 2009), 
changes in the position of tropopause,  North Atlantic Oscillation (NAO) e.g., 
 b) chemical processes such the polar vortex in the middle latitudes that exports  ozone 
poor vortex air  or chemically activated ClO rich air from poles to that latitudes, 
 c) injection of aerosols into the atmosphere which induce radiative, chemical and 
dynamical perturbations. 
 
 
Figure 5.5- Time series of the O3 VCD obtained with the SPATRAM equipment installed at Évora Observatory during 
March 2008 - March 2009 period. 
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The validation of SPATRAM data at Évora station is made using only satellite data. At the 
Observatory of CGE there is no other instrument measuring O3 total column. Anyway, a 
comparison study is presented in the paper by Antón et al., 2010, between SPATRAM (installed 
at Évora Observatory) and a Brewer Spectrophotometer  installed at the Atmospheric Sounding 
Station of the Spanish Institute for Aerospace Technology (INTA) located at the El Arenosillo 
station in Spain (37.04º N, 6.44º W, 20 m a.s.l.). The INTA station is part of the Global 
Atmosphere Watch network (GAW 213) and the Brewer spectrophotometer there installed is a 
well calibrated instrument measuring Total Ozone Columns (TOC) since the 90´s with a good 
accuracy (Antón et al. 2010). This instrument is used in several validation essays using sensor’s 
data (GOME, GOME-2 and OMI) from satellites and present good agreement between them.  
Although the two instruments are separated of about 190 km this is considered a small distance 
in comparison with the homogeneity of the stratospheric ozone. For the period 2006-2008, the 
two instruments show a good agreement (R2 between 0.85 and 0.88) although they have 
different viewing geometries and use different AMF values. 
The SPATRAM instrument has also participated in a field comparison campaign at El Arenosillo 
station where the data were validated with data from a Brewer spectrophotometer and from 
several ozone soundings. The results of this inter-comparison exercise are not yet published.  
5.3.1.3 Ground based and satellite dataset 
5.3.1.3.1 O3 VCD - SPATRAM vs OMI 
 
Here, the SPATRAM data are compared to OMI dataset. The OMI sensor recorded daily TOC 
measurements from 1 October 2004 to present. There are two different algorithms that derive 
total ozone values from OMI: i) the OMI- Total Ozone Mapping Spectrometer (TOMS), ii) the 
OMI- Differential Optical Absorption Spectroscopy (DOAS).  
The first OMI dataset used for this comparison is called OMTO3 (Level-2 OMI Total Ozone  
OMI/Aura Ozone Total Column 1-orbit L2 Swath 13x24 km (V003)). The algorithm used is based 
on the TOMS V8 algorithm method (for the description of the algorithm see 
http://disc.sci.gsfc.nasa.gov/Aura/data- holdings/OMI/documents/index.shtml/omto3_v003.shtml).  
This algorithm performs measurements at the following wavelength centered bands: 313, 318, 
331 and 360 nm (Kroon et al., 2008). One of the particularities of this product is that is possible 
to get the dataset for the overpass of the satellite over several coordinates. For Évora 
Observatory it is freely available at  
ftp://toms.gsfc.nasa.gov/pub/omi/data/overpass/aura_omi_l2ovp_omto3_v8.5_evora_999.txt. 
85 
 
The second product used is called OMDOAO3 (Level-2 OMI DOAS Total Column Ozone- 
OMDOAO3 (V003)). It is based on the DOAS method as the name suggests. The algorithm allows 
for the measurements in the 331.1 nm up to 336.6 nm wavelength range. For detailed 
description of the algorithm see Veefkind et al., 2006. The product OMDOAO3 data over Évora 
Observatory is available at 
http://www.temis.nl/protocols/o3col/data/omi/overpass/Evora_Observatory_omdoao3.dat . 
Fig. 5.6 shows the comparison of the SPATRAM data with OMI (TOMS) – OMTO3 data.  
 
 
Figure 5.6- Full time series of the O3 VCD obtained with the SPATRAM equipment installed at Évora Observatory 
during 2007-2011, and the O3 data from the OMI (TOMS) - OMTO3 instrument aboard the NASA EOS- Aura Satellite. 
 
 
The comparison between the SPATRAM and the OMTO3 data presents the same seasonal 
behaviour. However, the values of O3 VCD from the SPATRAM instrument are normally lower 
than the ones derived from the OMI satellite instrument. The mean error of the comparison is 
of about 4% with higher values during the spring seasons (7- 9%).  
It can be seen also an inter-annual variability in both O3 data set values. In summer periods the 
O3 VCD values have tendency to decrease as autumn approaches, but in 2008 this reduction is 
not so pronounced as in 2007, as it can be seen in Fig. 5.6. In 2010 the decrease is again more 
pronounced. The possible causes for this behaviour maybe due to the influence of solar cycle, 
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volcanic aerosols present in atmosphere (eruption of Eyjafjallajökull in April/May 2010) and the 
release of anthropogenic pollutants from power plants and industries in the big cities nearby. 
A linear regression analysis on the Total Ozone Columns (TOC) values from SPATRAM and OMI 
(TOMS) data was also performed and it is presented in Fig.5.7. 
 
Figure 5.7- a) Filtered time series of the O3 VCD obtained with the SPATRAM equipment at Évora during 2007-2010, 
and the O3 data from the OMI (OMI-TOMS) b) Scatter plot of the O3 data from the OMI instrument (OMI-TOMS 
OMTO3 product) aboard the NASA EOS - Aura satellite versus O3 SPATRAM data retrieved at Évora Observatory 
during 2007 – 2011 period. 
 
In this plot (Fig.5.7) only the data from the OMI time series obtained for a distance lower than 
50 km from the Évora station, are taken into account (number of data N= 986 ). Also for the 
other sensors the same distance was taken in account. The SPATRAM data and the “filtered” 
OMI dataset have a reasonable agreement as evidenced from the correlation coefficient 
obtained (R2 = 0.64).  
Since there are two available products from OMI the comparison with OMDOAO3 dataset is 
also performed and presented in Fig. 5.8. This figure illustrate the time series of the O3 VCD 
obtained with the SPATRAM equipment installed at Évora Observatory and the O3 data from 
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the OMI (DOAS) instrument aboard the EOS- Aura Satellite. It is possible to infer that that 
SPATRAM data also follows the same sinusoidal shape as the OMI (DOAS) data. 
  
Figure 5.8- Full time series of the O3 VCD obtained with the SPATRAM equipment installed at Évora Observatory 
for the SZA of 87º, during 2007-2011, and the O3 data from the OMI (DOAS) instrument aboard the EOS- Aura 
Satellite. 
The scatter plot derived from the comparison of this two dataset is presented.         
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Figure 5.9- a) Filtered time series of the O3 VCD obtained with the SPATRAM equipment at Évora during 2007-2010, 
and the O3 data from the OMI (OMI-DOAS). b) Scatter plot of the O3 data from the OMI instrument (OMI-DOAS 
OMDOA3 product) aboard the NASA EOS - Aura satellite versus O3 SPATRAM data retrieved at Évora Observatory 
during 2007 - 2011 period. 
 
From the analysis of the latter figures it is possible to infer that there is a fairly agreement 
between the two instruments (R2=0.62). The mean error of the comparison is of about 4.11 %. 
Next, in Table 5.1 the maximum and minimum values ± 1 standard deviation from OMI- DOAS 
are presented. For the other instruments (SCIAMACHY, GOME-2) and also for OMI-TOMS the 
data is not available for all days. Therefore the comparison is not made with their dataset. 
The maximum values of O3 total columns obtained with SPATRAM vary between 336 and 384 
DU. The minimum values change from 242 to 285 DU during 2007-2011. 
 
Table 5.1- O3 total columns maximums and minimums values obtained with SPATRAM ± 1 standard deviation from 
OMI- DOAS for the period 2007-2011 over Évora-Portugal. 
 
 Maximum (DU) Minimum (DU) 
2007 (373 ± 3) 
22 nd May 2007 
(285 ± 9) 
18th December 2007 
2008 (336 ± 50) 
19 th April 2008 
(242 ± 6) 
19th January 2008 
2009 (364±37) 
25st  May 2009 
2009 (294±11) 
13 rd August 
2010 (384±2) 
21st  April 2010 
(276± 31) 
19th September  2010 
2011 (338±39) 
14 th March 2011 
(271± 5) 
11st October 2011 
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5.3.1.3.2 O3 VCD - SPATRAM vs SCIAMACHY 
 
The ESA usable algorithm for SCIAMACHY is called Total Ozone retrieval scheme for SCIAMACHY 
based on the OMI DOAS algorithm or TOSOMI (Eskes at al., 2006) and subsequently in GOME 
algorithm TOGOMI (Valks et al., 2004). This algorithm allows for the retrieval of Ozone columns 
from SCIAMACHY and was developed by the Royal Netherlands Meteorological Institute (KNMI).   
Although all of the three algorithms are similar TOSOMI presents improvements in comparison 
with OMI´s and GOME´s (Eskes at al., 2005) like: 
•    treatment of the atmospheric temperature sensitivity by using effective ozone cross-   
        sections calculated from ECMWF temperature profiles, 
• improvements in the calculation of the air mass factor, using the so-called empirical 
approach, 
• use of the Fast Retrieval Scheme for Clouds from the Oxygen A-band (FRESCO) algorithm 
for the cloud correction, 
• a new treatment of Raman scattering in DOAS that accounts for the smearing of the solar 
Fraunhofer lines as well as the atmospheric tracer absorption structures, 
• use of air-mass factors based on semi-spherical polarization-dependent radiative 
transfer model (KNMI DAK). 
A complete description of the algorithm can be found at Eskes et al., 2006. 
TOSOMI product is freely available over several locations including Évora Observatory.  
Ozone data can be downloaded at: 
http://www.temis.nl/protocols/o3col/data/scia/overpass_v2/Evora_Observatory_tosomi.dat. 
From the analysis of Fig. 5.10 it is possible to infer that SPATRAM data is also consistent with 
SCIAMACHY data. 
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Figure 5.10- Full time series of the O3 VCD obtained with the SPATRAM equipment installed at Évora Observatory 
during 2007-2010, and the O3 data from the SCIAMACHY instrument aboard the ENVISAT satellite. 
 
By the analysis of the scatter plot (Fig. 5.11) it can be noted that the correlation between the 
two dataset is in agreement with a Pearson´s coefficient of R2=0.63. The deviation from the 
satellite sensor associated is about 4.15%, similar to the previous values obtained with the other 
satellite data.  
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Figure 5.11-a) Filtered time series of the O3 VCD obtained with the SPATRAM equipment at Évora during 2007-
2010, and the O3 data from the SCIAMACHY. b) Scatter plot of the O3 data from the SCIAMACHY instrument 
(TOSOMI product) aboard the ENVISAT satellite versus O3 SPATRAM data retrieved at Évora Observatory during 
2007 - 2011 period. 
 
5.3.1.3.3 O3 VCD - SPATRAM vs GOME  
 
The GOME dataset is available from 1995 to 2011. For the Évora Observatory the data is freely 
available at: 
http://www.temis.nl/protocols/o3col/data/gome/overpass/Evora_Observatory_togomi.dat  
for the considered period (2007-2011). 
The algorithm used for measuring trace gases that is current in operation is the GOME total 
ozone algorithm TOGOMI and was developed under ESA supervision by the German Aerospace 
Centre (DLR). It is based on the total ozone DOAS algorithm and it is divided in four steps: a) 
enhancement of the accuracy of the measured Earth radiance and solar irradiance spectrum b) 
achievement of the SCD using the fitting of reference differential absorption spectrum of ozone 
and the measured Earth radiance spectrum and solar irradiance spectrum c) conversion of the 
SCD into the Vertical Column Density using the AMF correction factor d) correction of cloud 
effects (Valks, 2003). 
More information about the algorithm can be found at literature (Valks et al., 2004). 
Fig. 5.12 shows the comparison of SPATRAM and GOME datasets.  
y = 0,70x + 90,33
R
2
 = 0,63
200
220
240
260
280
300
320
340
360
380
400
150 200 250 300 350 400 450
SCIAMACHY O3 VCD (DU)
S
P
A
T
R
A
M
 O
3
 V
C
D
 (
D
U
)
b 
92 
 
 
Figure 5.12- Full time series of the O3 VCD obtained with the SPATRAM equipment installed at Évora Observatory 
during 2007-2010, and the O3 data from the GOME instrument aboard the ERS-2 satellite. 
 
The variation of ozone shows the same pattern as the GOME instrument data. The comparison 
between the SPATRAM and the GOME data describes the same seasonal behavior that was 
described above. However, the values of O3 VCD are normally lower than the ones derived from 
the OMI satellite instrument.  
The mean error of the comparison is of about 4.23% with higher values during the spring 
seasons.  
In Fig. 5.13 the scatter plot of the SPATRAM and GOME filtered dataset is plotted. The SPATRAM 
data and the GOME dataset are in agreement as evidenced from the correlation coefficient 
obtained (R2 = 0.60). It is important to say that the GOME dataset was also filtered, as equal for 
all the satellite sensor´s dataset, to include only the values that are more approximate from the 
observatory. 
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Figure 5.13- a) Filtered time series of the O3 VCD obtained with the SPATRAM equipment at Évora during 2007-
2010, and the O3 data from the GOME.  b) Scatter plot of the O3 data from the GOME instrument aboard the ERS-2 
satellite versus O3 SPATRAM data retrieved at Évora Observatory during 2007 - 2011 period including the regression 
line (black line). 
 
5.3.1.3.4 Statistical analysis  
 
The evaluation of some statistical parameters is made in order to validate the SPATRAM data. 
The presented parameters are related to the comparison of SPATRAM data and each one of the 
satellite instruments. The values are presented in Table 5.2 and concern to the number of data 
(N), the slope and the correlation coefficient (R2) of the scatter plots (Figs. 5.7, 5.9, 5.11, 5.13) 
and the Root Mean Square Error (RMSE). This latter parameter is frequently used to represent 
the sample standard deviation of the differences between predicted values (in a model) and 
observed values (in the real atmosphere). The RMSE is defined as the square root of the mean 
squared error calculated using Eq. 5.1 and is a measure of the spread of data around the 
regression line. 
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where SPATRAMobs are observed values and SPATRAMmodel are modelled values calculated using 
the equation of regression line of the scatter plots (Eq. 5.2) 
                                                  
jjel SensorSatbaSPATRAM .,mod                                          (5.2) 
where a is the slope, b is the intercept and SensorSat.  are the values available from the sensors 
( OMI, SCIAMACHY and GOME) aboard the satellites. 
In Table 5.2 the Mean Bias Error (MBE) and the Mean Absolute Bias Error (MABE) are also 
presented which are two statistical parameters computed using Equations 5.3 and 5.4. 
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Table 5.2 - Correlation analysis of SPATRAM, OMI (TOMS), OMI (DOAS), GOME and SCIAMACHY total ozone data 
for the period of 2007-2011. 
 
From the analysis of Table 5.2 it can be inferred that the best correlation found for the SPATRAM 
data for the period of 2007-2011 is the OMI- TOMS dataset. In all datasets can be seen that in 
most days the SPATRAM values are lower than the other sensors. Therefore there is an 
underestimation of the SPATRAM instrument that can be seen by the positive sign in MBE values 
(see Table 5.2). 
The differences found between the SPATRAM and OMI-TOMS, OMI-DOAS, SCIAMACHY and 
GOME instruments could be due to several facts such as: 
•  the satellite data presented in Figs.  5.6, 5.8, 5.10 and 5.12, are the O3 total column 
values corresponding to the daily overpass of the AURA, ENVISAT and ERS-2 satellites 
 N Slope R2 RMSE (%) MBE(%) MABE(%) 
OMI-TOMS 986 0.71 0.64 4.25 0.83 0.15 4.09 0.09 
OMI- DOAS 913 0.71  0.62 4.36 1.15 0.23 5.46 0.15 
SCIAMACHY 405 0.70 0.63 4.35 1.28 0.25 4.24 0.14 
GOME 409 0.70 0.60 4.36 1.04 0.25 4.33 0.14 
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over a pixel of about 312 km2 (13x24 km),  1800 km2 (30x60 km) and 1600 km2 (40x40 
km) containing the Évora station while the SPATRAM Field Of View (FOV), determined 
by the monochromator f number (f# = 5), is of about 1 x 10-5 sr,  
• the differences of methodologies used for the retrieval of O3 columns,  
• the usage of different types of instruments i.e., the comparison between data from 
ground based spectrometer with instruments aboard satellites and the fact of SPATRAM 
“looks up” while the other instruments “ look down” or, in other words, the SPATRAM 
measures the zenith sky scattered radiation and the satellite instruments carries out 
measurements of the radiation back-scattered by the Earth-atmosphere system,  
• the employment of different AMF correction factors.  
5.3.2 NO2 over Évora station for the period 2007-2011 
 
Stratospheric NO2 presents a diurnal and seasonal variation at mid- latitudes due to the joined 
effect of its photochemistry and atmospheric transport. After the presentation of the typical 
NO2 diurnal cycle and the characteristic seasonal pattern retrieved with the application of DOAS 
methodology to the SPATRAM spectral data, the comparisons between SCHIAMACHY, GOME-2 
and OMI NO2 total content measurements over Évora and the retrieved SPATRAM NO2 VCD, are 
discussed for the period 2007-2011. The statistical analyses concerning the comparisons are 
presented also. 
5.3.2.1 NO2 diurnal variation 
 
The NO2 SCD values are retrieved from the SPATRAM spectral measurements applying the DOAS 
algorithms in the 430-450 nm spectral range.  
In order to investigate the diurnal variation of NO2, the retrieved SCDs time series are plotted 
versus the SZA during one typical day, as shown in Figure 5.14. 
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Figure 5.14 - NO2 Slant Column Densities (SCD) and AMF versus SZA obtained with SPATRAM at Évora-Portugal for 
24th April 2010. 
 
As for the O3 SCD, the NO2 SCD daily time series is separated into AM and PM subseries, that is: 
the AM data cover the sunrise – local noon period, while the PM values are for the local noon 
to the sunset hours. 
The main feature emerging from Figure 5.14 is is that NO2 SCD shows a diurnal cycle with value 
of SCD at sunrise lower than at sunset. For example the first measurement for the NO2 VCD was 
taken at 6:25 AM and the registered value was 171007.1  molecules/ cm2 while the last value 
was recorded at 8:34 PM and was 171077.1  molecules/cm2. The reason of this systematic 
difference between AM and PM SCD values is that NOx concentration increases due to N2O5 
photolysis during daytime. From the chemical point of view NO2 can be oxidized by O3 to form 
NO3 (R: 2 3 3 2NO  + O   NO  + O ), a strong atmospheric oxidant and a precursor to the 
formation N2O5. Because NO3 is rapidly photolyzed at visible wavelengths, both its daytime 
concentration and chemistry are of relatively minor importance in the lower and middle 
stratosphere. In contrast N2O5 can have morning concentrations in the lower stratosphere 
comparable to NOx (NO+ NO2) even though its production requires the formation of NO3. During 
the night, N2O5 is formed at the expense of NO2 (R: 
3 2 2 5NO  + NO  + M  N O  + M  ). After 
sunrise, N2O5 can be photolyzed essentially into two NOx molecules (R: 
2 5 3 2N O  + h    NO  + NO  ).The photolysis time depends on factors like the solar zenith angle, 
the altitude, the albedo and the temperature. The minimum NO2 SCD value is observed during 
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the local noon; anyway this is an apparent minimum since it is due mainly to the shortest optical 
path and to the maximum error associated to the measurements for the lower SZA. As for the 
O3, the NO2 SCD values have to be converted in VCD quantities with the ratio between SCD (SZA) 
and AMF (SZA). Figure 5.14 shows the AMF values calculated for the different SZA using again 
the AMEFCO model. The NO2 VCD time series is plotted in Fig. 5.15. It has to be noted the small 
uncertainties of the sunrise and sunset observations, and the increasing errors towards the local 
noon hours. Mainly for this reason, it is common to characterize the daily NO2 VCD with the 
values obtained for 90º of SZA at sunrise (AM) and sunset (PM). 
 In Fig. 5.14 the retrieved NO2 VCD value at 90º of SZA for sunrise (AM) is 151011.3 
molecules/cm2; the NO2 VCD PM (sunset) value is (or NO2 VCD = 151001.5   molecules/cm2). 
In the following section dealing with seasonal pattern and comparison with satellite data, the 
presented results are always referred as NO2 VCD AM or PM identifying the observations at 90º 
of SZA at sunrise and sunset respectively.  
 
Figure 5.15- Daily variation of NO2 VCD obtained with SPATRAM at Évora-Portugal for 24th April 2010. 
5.3.2.2 NO2 seasonal variation 
 
In order to examine the seasonal behaviour of NO2 the time series of NO2 VCD AM and PM are 
plotted versus the time in Fig. 5.16. There is no data available in the following periods: 15th 
October – 15th December 2007; 27 th December 2007- 17 th January 2008; 3rd April- 31st May 2009 
and 18th November- 3rd December 2010 due to the maintenance of the instrument. For 2009 
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there was not data available for the period comprised 7th September to 10th October due to the 
participation on a field campaign at El Arenosillo. 
 From the analysis of the Fig. 5.16 it is possible to mark out a clear seasonal trend of NO2 VCD 
values obtained with SPATRAM instrument. The seasonal trend is similar to the one has been 
pointed out for O3, but the minima and maxima are presented for different seasons. As expected 
from the photochemical activities of NOx family the vertical columns increase till the summer 
months when the maximum is reached. This fact is directly related with the increasing of the 
intensity of solar radiation between May and August and increasing of daylight hours. The 
opposite occurs in the winter months leading to a decrease of the NO2 concentration. It can be 
noted the almost constant difference between the NO2 VCD values for the AM and PM series. 
The ratio of the AM and PM values range from 0.4 during the winter period to 0.7 for the summer 
months 
 
Figure 5.16- Time series of the NO2 VCD obtained with the SPATRAM equipment installed at Évora Observatory for 
the SZA of 90º, during 2007-2011.  
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5.3.2.3 Ground based and satellite dataset 
 
In this section the validation of SPATRAM dataset is done, comparing its results with satellite 
data from SCIAMACHY, GOME-2 and OMI. 
5.3.2.3.1  NO2 VCD - SPATRAM vs SCIAMACHY 
 
The product that was used to make the validation of SPATRAM dataset is called SCIAMACHY 
stratospheric NO2 columns over stations Version 2.1. It is available over Évora at 
http://www.doasbremen.de/data/no2/acve/scia_ubv2-1_no2_evora.day. 
The information available about this product can be found at http://www.doas-
bremen.de/scia_no2_data_acve.htm#Top. 
The NO2 total column provided by SCIAMACHY is plotted versus day of the year jointly with 
SPATRAM data for SZA of 90º (Fig. 5.17). 
 
Figure 5.17 - Time series of the NO2 VCD obtained with the SPATRAM equipment installed at Évora Observatory for 
the SZA of 90º, during 2007-2011, and the NO2 total columns acquired from the SCIAMACHY spectrometer aboard 
ENVISAT. 
 
Fig. 5.17 presents the correlation between the two datasets. 
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Figure 5.18 - Scatter plot of the NO2 data from the SCIAMACHY instrument versus NO2 SPATRAM AM (morning) and 
PM (afternoon) data retrieved at Évora Observatory for the SZA of 90º, during 2007 - 2011 period including the 
regression lines for each dataset. 
 
The two datasets are in reasonable agreement.  
Due to the overpass of ENVISAT in the morning (~11:00AM UTC), the SCIAMACHY values are 
located between the AM and PM SPATRAM NO2 VCD values (respectively at 6:00-8:00 AM and 
6:00-8:00 PM UTC depending on the season and for SZA of around 90° where NO2 SCD reaches 
its highest values). 
In Table 5.3 the maximum and minimum values for the NO2 VCD AM and PM obtained with 
SPATRAM and the standard deviation from SCIAMACHY observations are presented. 
 The SCIAMACHY dataset is the only one that can be fully compared with the SPATRAM data, 
since the two time series are coincident in time, meaning that to each pair of SPATRAM data 
(AM and PM), corresponds a SCIAMACHY overpass. 
 
 
 
 
 
y = 0,6731x + 3E+14
R
2
 = 0,6178
y = 0,8635x + 1E+15
R
2
 = 0,688
0
1E+15
2E+15
3E+15
4E+15
5E+15
6E+15
7E+15
0 1E+15 2E+15 3E+15 4E+15 5E+15 6E+15
SCIAMACHY NO2 VCD (molecules/cm
2
)
S
P
A
T
R
A
M
 N
O
2
 V
C
D
 (
m
o
le
c
u
le
s
/c
m
2
)
AM
PM
Linear (AM)
Linear (PM)
101 
 
Table 5.3- NO2 total columns maximums and minimums values obtained with SPATRAM ± 1 standard deviation 
from SCIAMACHY for the period 2007-2011 over Évora-Portugal. 
 
 Maximum 
(molecules cm-2  ) 
Minimum 
(molecules cm-2  ) 
 AM PM AM PM 
2007 (4.1 ±0.4 ) × 1015 
 
21st September 
(5.2 ±1.5 ) × 1015 
 
27th  May 
8.8 × 1014 
 
2nd January 
2.1 × 1014 
 
24th January 
2008 (3.5 ±0.5 ) × 1015 
 
18 th  June 
(5.8 ) × 1015 
26 th May 
7.1  × 1014 
 
15 th  December 
2.2 × 1015 
 
26th February 
2009 3.6× 1015 
 
22nd  July 
6.2  × 1015 
 
5 th  June 
 
(7.9 ±0.9) × 1014 
 
27  th January 
2.7  × 1015 
 
31st January 
2010 (3.7± 0.3) × 1015 
 
8th June 
(5.5 ± 0.3) × 1015 
 
12 th May 
(1.3 ± 0.5) × 1015 
 
4th January 
 
(2.2 ± 0.1) × 1015 
 
1st February 
 
2011 (3.8 ± 0.3) × 1015 
 
6th June 2011 
(5.9 ± 0.3) × 1015 
 
23 rd May 
(2.3 ± 0.2) × 1015 
 
14 th January 
(2.8 ± 0.2) × 1015 
 
26 th October 
 
5.3.2.3.2 NO2 VCD - SPATRAM vs GOME-2 
 
SPATRAM data was also compared with GOME-2 dataset (Fig. 5.19). The product that was used 
is called http://www.doas-bremen.de/gome2_no2_data_acve.htm and it is available at 
http://www.doas-bremen.de/data/no2/gome2_strat/gome2_ubv2-0_no2_evora.day. A complete 
description about this product can be found at Ricther, 2011. 
Once more the satellite dataset is comprised between the SPATRAM AM and PM measurements. 
GOME-2 data are obtained between 9:50 AM and 11:16 AM UTC over Évora. From Fig. 5.19 it is 
possible to highlight the same pattern in both data. Although there is a difference between the 
NO2 concentrations because they are taken at different moments of the day, the NO2 VCD from 
SPATRAM follows the same pattern as the GOME-2 data.  
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Figure 5.19 - Time series of the NO2 VCD obtained with the SPATRAM equipment installed at Évora Observatory for 
the SZA of 90º, during 2007-2011, and the NO2 total columns acquired from the GOME-2 instrument aboard 
EUMETSAT. 
 
The correlation plot of the two datasets is presented in next figure. 
  
Figure 5.20 - Correlation of SPATRAM data retrieved at Évora Observatory for the SZA of 90º, during 2007-2011, 
and the NO2 data from the GOME-2 instrument. 
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From the analysis of Fig. 5.20 it is possible to infer that the correlation from both data is in 
accordance with a R2 of 0.628 for AM values and 0.657 for PM values. 
5.3.2.3.3 NO2 VCD - SPATRAM vs OMI 
 
The OMI product used in the comparison with SPATRAM data is called OMI Nitrogen Dioxide 
(NO2) data product, or the abbreviated name OMNO2. The data is available over several stations 
at http://avdc.gsfc.nasa.gov/index.php?site=666843934&id=13. 
The description of the algorithm can be found at Bucsela, 2006 and Boersma, 2001.  
The OMI values were filtered using the following quality flags: VCD flag equals to zero, cloud 
fraction flag < 0.2-0.3 for clear-sky observations and terrain reflectivity flag < 0.3. 
Figure 5.21- Time series of the NO2 VCD obtained with the SPATRAM equipment installed at Évora Observatory for 
the SZA of 90º, during 2007-2011, and the filtered NO2 total columns acquired from the OMI instrument aboard 
AURA. 
 
The correlation plot (Fig. 5.22) shows no agreement between the two datasets. Although the 
patterns are similar, the OMI data are more scattered than SCIAMACHY´s and GOME´s. The 
sinusoidal pattern is not as visible as the others. Also OMI´s overpass over Évora happens 
between 1:00 PM and 3:00 PM UTC. Therefore the satellite´s instrument dataset should appear 
between the two SPATRAM data series.  
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                                           Figure 
5.22- Correlation of SPATRAM data retrieved at Évora Observatory for the SZA of 90º, during 2007-2011, and the 
NO2 data from OMI instrument. 
 
In Table 5.4 it is possible to access to the statistical study of NO2 dataset. For this study it was 
considered the value of the mean NO2 VCD, i.e. the mean between the SPATRAM AM and PM 
values. The correlation of the mean values of the SPATRAM AM and PM observations with the 
SCIAMACHY, GOME-2 and OMI data are shown in Figure 5.23, Figure 5.24 Figure 5.25, 
respectively.  
  
Figure 5.23- Correlation of SPATRAM NO2 data (average between AM and PM values) retrieved at Évora 
Observatory for the SZA of 90º, during 2007-2011, and the NO2 data from the SCIAMACHY instrument. 
 
y = 0,0759x + 2E+15
R
2
 = 0,0294
y = 0,1143x + 3E+15
R
2
 = 0,0439
0
1E+15
2E+15
3E+15
4E+15
5E+15
6E+15
7E+15
0 2E+15 4E+15 6E+15 8E+15 1E+16 1,2E+16 1,4E+16
OMI NO2 VCD (molecules/cm
2
)
S
P
A
T
R
A
M
 N
O
2
 V
C
D
 (
m
o
le
c
u
le
s
/ 
c
m
2
)
AM
PM
Linear (AM)
Linear (PM)
y = 0,7237x + 1E+15
R
2
 = 0,638
0
1E+15
2E+15
3E+15
4E+15
5E+15
6E+15
0 1E+15 2E+15 3E+15 4E+15 5E+15 6E+15
SCIAMACHY NO2 VCD (molecules/cm
2
)
S
P
A
T
R
A
M
 N
O
2
 V
C
D
 (
 m
o
le
c
u
le
s
/c
m
2
)
105 
 
 
Figure 5.24- Correlation of SPATRAM NO2 data (average between AM and PM values) retrieved at Évora 
Observatory for the SZA of 90º, during 2007-2011, and the NO2 data from the GOME-2 instrument. 
 
 
 
Figure 5.25- Correlation of SPATRAM NO2 data (average between AM and PM values) retrieved at Évora 
Observatory for the SZA of 90º, during 2007-2011, and the NO2 data from the OMI instrument. 
 
For the calculation of RMSE, MBE and MABE parameters, as well the slope and R2 presented in 
Table 5.4, it was used the mean value of NO2 AM and PM from SPATRAM. Those statistical 
parameters were calculated using Eqs. 5.1 – 5.4. 
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Table 5.4- Correlation analysis of SPATRAM, OMI, GOME-2 and SCIAMACHY total nitrogen dioxide data for the 
period of 2007-2011. 
 
 N Slope R2 RMSE (%) MBE(%) MABE(%) 
SCIAMACHY 717 0.72 0.64 24.33 -6.99 0.53 6.18 0.35 
GOME-2 1301 0.77 0.57 11.78 -4.81 0.39 11.10 0.27 
OMI 1085 0.09 0.04 22.09 63.31 1.81 70.15 1.84 
 
From the analysis of the latter table it is possible to infer that the best correlations for SPATRAM 
dataset are the SCIAMACHY and GOME-2 datasets. The values obtained with SPATRAM are 
higher than the values obtained with SCHIAMACHY and GOME-2 instruments which can be 
concluded due to the negative sign in MBE values (Table 5.4). 
5.3.3 Case study: BrO VCD retrieval 
 
In Figure 5.26 is shown the first results of BrO vertical column obtained from the zenith-sky 
radiation collected with SPATRAM instrument in the 340-360 nm spectral range and for 90º of 
SZA for the 6 month period comprised between to 23 January to 2 August 2008. The BrO VCD 
value is the average between the morning (AM) and the afternoon (PM) observation. The cross 
sections used for the BrO (243 K) where available from Oliver et al., 2004. 
 
Figure 5.26 -Time series of the BrO VCD obtained with the SPATRAM equipment for the SZA of 90º, a) for morning 
(AM) and afternoon (PM) and averaged values for the period 23 January – 2 August 2008 at Évora Observatory and 
the polynomial fit. 
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Due to the inclusion of the polynomial fit in Fig. 5.26 it is possible to infer that the time series, 
limited to 6 months shows a slightly seasonal trend reaching the maximum in the spring months. 
5.3.3.1 BrO – SPATRAM vs OMI 
 
The values at 90° of SZA for sunset (PM) and sunrise (AM) obtained with SPATRAM are plotted 
together the BrO data acquired with OMI equipment for the same period in Fig. 5.26. 
The dataset used from OMI instrument is called OMI/Aura Bromine Monoxide Total Column 1-
orbit L2 Swath 13x24 km - V003 or abbreviated OMBRO. The values of BrO Total columns over 
Évora station are available from 1st October 2004 until the present and are obtainable at 
http://avdc.gsfc.nasa.gov/index.php?site=610245338&id=80.  
The description of the product is available at 
http://www.cfa.harvard.edu/atmosphere/Instruments/OMI/PGEReleases/READMEs/OMBRO_v300_REA
DME.pdf. 
 
Figure 5.27- Time series of the BrO VCD obtained with the SPATRAM equipment installed at Évora Observatory for 
the SZA of 90º, for morning (AM) and afternoon (PM), for the period 23 January – 2 August 2008, and the BrO total 
columns measured with the OMI equipment. 
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From the analysis of the latter figure it is possible to point the maximums and minimums values 
found for BrO total columns over Évora. The maximums values for the AM and PM period are 
found, respectively, for the 15 th June 2008 with (5.64±0.74) × 1013 molecules cm-2 and for the 
19th May 2008 with (5.24±0.65) × 1013 molecules cm-2. The minimum values registered with 
SPATRAM for AM and PM periods are, respectively, (3.51±0.48) × 1013 molecules cm-2 measured 
in 29 th February 2008 and (3.23±1.05) × 1013 molecules cm-2 for the 4th March 2008.  
The OMI data are more spread than the SPATRAM results as can be seen by the analysis of Fig. 
5.27. This can be confirmed by the correlation plot from Fig. 5.28 in which the values for R2 are 
very low (R2= 0.0199 for AM values and R2=0.0153 for PM values). The main conclusion is that 
considering all the dataset there is no correlation between the two. 
 
Figure 5.28- Correlation of SPATRAM BrO data retrieved at Évora Observatory for the SZA of 90º, during 2007-2011, 
and the BrO data from the OMI instrument. 
 
In Fig. 5.29 it is represented all the dataset from OMI and the average between the BrO VCD AM 
and PM values from SPATRAM. And in Fig. 5.30 the correspondent correlation plot. 
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Figure 5.29- Time series (all dataset)  of the BrO VCD averaged values from morning (AM) and afternoon (PM) 
obtained with the SPATRAM equipment installed at Évora Observatory for the SZA of 90º for the period 23 January 
– 2 August 2008, and the BrO total columns measured with the OMI equipment. 
 
 
Figure 5.30- Correlation of SPATRAM BrO VCD averaged AM and PM datasets retrieved at Évora Observatory for 
the SZA of 90º, during 2007-2011, and the BrO data from the OMI instrument. 
 
Once more, using all the dataset from OMI it is possible to conclude that there is no correlation 
between the two of them. 
In conclusion it is necessary to consider the quality flags, from OMI dataset and filter all the data. 
Therefore using the average of AM and PM data from SPATRAM, and using the filtered OMI data 
0
1E+13
2E+13
3E+13
4E+13
5E+13
6E+13
7E+13
8E+13
10-01-2008 09-02-2008 10-03-2008 09-04-2008 09-05-2008 08-06-2008 08-07-2008 07-08-2008
Date (dd-mm-yyyy)
B
rO
 V
C
D
 (
m
o
le
c
u
le
s
/c
m
2
)
SPATRAM average OMI
y = 0,0618x + 4E+13
R
2
 = 0,0253
3E+13
4E+13
5E+13
6E+13
2E+13 3E+13 4E+13 5E+13 6E+13 7E+13 8E+13
OMI BrO VCD (molecules/cm
2
)
S
P
A
T
R
A
M
 B
rO
 V
C
D
 (
 m
o
le
c
u
le
s
/c
m
2
)
110 
 
it is possible to achieve a better correlation between the two instruments, but with errors in the 
order of 20%. Applying those criteria (VCD flag equals to zero, cloud fraction flag < 0.2-0.3 for 
clear-sky observations and terrain reflectivity flag < 0.3) it is possible to achieve a better 
correlation between the two instruments (Fig. 5.32) of approximately R2=0.3. In the Fig. 5.31 it 
is plotted the BrO VCD averaged values for AM and PM from SPATRAM and OMI BrO VCD filtered 
versus date. 
 
Figure 5.31- Time series (filtered dataset)  of the BrO VCD averaged values from morning (AM) and afternoon (PM) 
obtained with the SPATRAM equipment installed at Évora Observatory for the SZA of 90º for the period 23 January 
– 2 August 2008, and the BrO total columns measured with the OMI equipment. 
 
 
It is once more visible that the satellite instrument records higher values from BrO total columns, 
than the SPATRAM, being the first dataset more spread than the second one. 
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Figure 5.32- Correlation of SPATRAM BrO VCD averaged AM and PM and filtered datasets retrieved at Évora 
Observatory for the SZA of 90º, during 2007-2011, and the BrO data from the OMI instrument. 
 
Despite the low R2 achieved in Fig. 5.32 (R2 =0.276) the comparison with the BrO data obtained 
from OMI instrument is encouraging for the future work of data comparison/validation. 
5.3.3.2 BrO – SPATRAM vs GOME-2 
 
The comparison with GOME-2 BrO total columns was also performed. The data used for this 
study was provided by Belgian Institute for Space Aeronomy (BIRA-IASB) UV- Visible DOAS group 
from Belgium. The product used is called BIRA-IASB GOME-2 BrO column product. The approach 
for the data analysis consists in determination of the BrO SCD from calibrated earth-shine and 
irradiance spectra using DOAS fit. After that the VCD stratospheric is estimated using simulated 
stratospheric BrO profiles using the output of the 3-D chemical transport model Belgian 
Assimilation System of Chemical Observations from ENVISAT (BASCOE) (Theys et al., 2007)  
Finally VCD tropospheric is calculated using a residual technique according to the Eq. 6.5, 
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AMF
AMFVCDSCD
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
                                         (6.5) 
where tropoAMF and stratoAMF  are, respectively the tropospheric and stratospheric air mass 
factors. The BrO total column is the sum of the values from VCD stratospheric and VCD 
tropospheric. Detailed information about the data analysis procedure used for the BrO total 
columns from BIRA-IASB is found in literature (Theys et al., 2011).  
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In Fig. 5.33 the BrO Total columns from SPATRAM and GOME-2 instruments are plotted for the 
considered period in 2008. 
From the analysis of Fig. 5.33 it is possible to highlight that from the 2nd June till 3rd August the 
pattern followed by SPATRAM is the same that for GOME-2, but the values are higher than the 
satellite´s instrument. For 23rd January till 1st June the values are close and the mean deviation 
is 12%. In the other period the deviation is about 36%, although the pattern is the same.  
The maximums values for the AM and PM period are found, respectively, for the 15th June 2008 
with (5.64±0.89) × 1013 molecules cm-2 and for the 19th May 2008 with (5.24±0.42) × 1013 
molecules cm-2 . The minimum values registered with SPATRAM for AM and PM periods are, 
respectively, (3.51±0.85) × 1013 molecules cm-2 measured in 29th February 2008 and (3.23±0.69) 
× 1013 molecules cm-2 for the 4th March 2008. 
 
Figure 5.33- Time series of the BrO VCD obtained with the SPATRAM equipment installed at Évora Observatory for 
the SZA of 90º, for morning (AM) and afternoon (PM), for the period 23 January – 2 August 2008, and the BrO total 
columns measured with the GOME-2 equipment. 
 
Also the averaged SPATRAM dataset was compared with the GOME-2 dataset. For that the AM 
and PM values from BrO VCD were taken in account to make the average. The result is the 
SPATRAM BrO VCD averaged values.  
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Figure 5.34- Time series (all dataset)  of the BrO VCD averaged values from morning (AM) and afternoon (PM) 
obtained with the SPATRAM equipment installed at Évora Observatory for the SZA of 90º for the period 23 January 
– 2 August 2008, and the BrO total columns measured with the OMI equipment. 
 
Figures 5.35 and 5.36 shows the scatter plots referring to Fig. 5.33 and 5.34. 
 
Figure 5.35- Correlation of SPATRAM BrO VCD AM and PM datasets retrieved at Évora Observatory for the SZA of 
90º, during 23 January – 2 August 2008, and the BrO data from the GOME-2 instrument. 
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Figure 5.36- Correlation of SPATRAM BrO VCD averaged AM and PM datasets retrieved at Évora Observatory for 
the SZA of 90º, during 23 January – 2 August 2008, and the BrO data from the GOME-2 instrument. 
 
In Table 5.5 it is possible to access to the statistical study of the dataset 1 (from Fig. 5.29) and 
dataset 2 (from Fig. 5.31) for OMI and also for dataset 3 (from Fig.5.34). For the calculation of 
RMSE, MBE and MABE parameters, as well the slope and R2 presented in Table 5.3, it was used 
the mean value of BrO VCD AM and PM from SPATRAM. Those statistical parameters were 
calculated using Eqs. 5.1 – 5.4. 
 
Table 5.5- Correlation analysis of SPATRAM (averages AM and PM values) and OMI total BrO data for the period of 
23 January- 2 August 2008 for dataset 1, dataset 2 and dataset 3. 
 
 From the analysis of Table 5.5 it is possible to conclude that the best correlation is presented 
for the dataset 2 although the value of R2 is very low (R2=0.28). In case of OMI values it is possible 
to infer that they are much dispersed. In case of GOME-2 values, there is accordance for January-
May values, but from June to August the BrO values obtained with SPATRAM are higher than 
the ones from the GOME-2 instrument. 
5.4 NO2 Vertical profiles 
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total columns and NO2 stratospheric profiles over Évora Observatory using SPATRAM 
instrument. 
5.4.1.1 Retrieval of NO2 vertical profiles and tropospheric columns at 
Évora with the SPATRAM and MIGE instruments  
 
The main goal of this study is the retrieval of the NO2 vertical profiles and the NO2 tropospheric 
content in the Planetary Boundary Layer (PBL) at the Évora station using the SPATRAM and MIGE 
instruments. In this section the results obtained ranging from the ground level to about 1500 m 
for 30th March and 8th and 9th April 2009, are shown and discussed. In addition an idea about the 
different behaviour of the NO
2 
SCD, depending on the different azimuth angles of measurement, 
clearly visible in the presented plots, is also given. 
5.4.1.2 NO2 tropospheric total columns 
 
The NO
2 
SCDs presented in the following, are retrieved in the 436-460 nm spectral interval for 
different azimuth and zenith Line of Sight (LOS).  
In Fig. 5.37 the time series for the NO2 SCDs in troposphere measured during 30th March 2009 
are shown. The observations are obtained for a solar zenith angle of 88° along the West, East, 
South and North directions. 
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Figure 5.37- NO2 SCDs during 30 th March 2009 for a zenith elevation of 88° along the a) West, b) East, c) 
North and d) South azimuthal direction. 
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The analysis of figures 5.37 a) –d) suggests that the observations are largely dependent on the 
azimuthal direction. Figures 5.37 a) and 5.37 b) correspondent to the West and East directions, 
respectively, where the values are higher than in Figs. 5.37 c) and 5.37 d) (for the North and 
South paths). This is mainly due to the presence of very large urban areas as Lisbon (in the West 
direction of Évora) and Badajoz (at the Portuguese-Spanish border – East direction). The Lisbon 
urban area is characterized by a very high load of nitrogen compounds caused by the vehicular 
and industrial emissions. It has to be taken into account also the existence of the international 
airport of Lisbon, with a very high aerial traffic and consequently high release of nitrogen 
compounds in the atmosphere. Since Évora is a small city, probably the enhancement of NO2 
SCD value is imputable to measurements including the contribution of the nitrogenised air 
masses positioned over Lisbon region. In the North and South directions there are not big urban 
areas like the others, therefore the measured NO2 SCD values at 88º of zenith elevation can be 
considered as the background content of stratospheric nitrogen dioxide. 
In Fig. 5.37 a) the SCD values present a very clear diurnal cycle with local maximum during the 
periods of highest vehicular traffic: in the morning between 8:00 and 9:00 and in the afternoon 
between 12:00 - 14:00 and at 18:00 - 19:00. Also the measurements in the East direction (Fig. 
5.37 b) (towards Badajoz) reveal the same diurnal cycle observed in the opposite direction, with 
the same local maximum during the periods of most probable vehicular traffic in the urban area. 
In addition Badajoz has also a large industrial area emitting huge quantity of nitrogen 
compounds. In the North and South directions there are no industrialized as well as big urban 
areas, therefore the measured NO2 SCD values at 88º of zenith elevation can be considered as 
the background content of stratospheric nitrogen dioxide.   
The difference between the retrieved values in the West and East directions with the 
background content obtained for the North and South paths can give an estimation of the 
emissions in the Lisbon and Badajoz urban areas. As expected, the retrieved vertical profiles are 
function of the azimuth path.  
5.4.2  NO2 vertical profiles in PBL 
 
In Figures 5.38-5.39, the vertical profiles of NO2, obtained by the SPATRAM+MIGE and the 
application of inversion algorithms for the 8-9 May 2009 are presented. 
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Figure 5.38- NO2 vertical profiles for 8th April 2009 retrieved a) East b) North azimuthal direction with an horizontal 
visibility of 30 km. 
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Figure 5.39- NO2 vertical profiles for 9 th April 2009 retrieved a) East b) North azimuthal direction with an horizontal 
visibility of 30 km. 
 
The analysis of figures 5.38-5.39 suggests that the major concentrations of NO2 are registered 
between 9 and 11 AM, at lunch time between 12 and 2 PM, and in the evening in the 5 to 6 PM. 
These periods correspond to the hours of intense traffic in Évora. Nevertheless the high NO2 
concentration registered in those days cannot be explained only by this reason since that from 
the analysis of Fig. 5.38b) and 5.39 b) the concentrations are not so high from the north 
direction. It is possible that the NO2 enhancement in the atmosphere was provoked by intrusions 
of NO2 polluted air masses from distant sites. 
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5.5  Retrieval of NO2 stratospheric vertical profiles  
 
In this section the results obtained for the NO2 profile ranging from the 15 km to about 50 km 
during May to October of 2010 are shown and discussed. The data was retrieved with SPATRAM 
instrument over Évora during de period comprised between 5th May and 5th October 2008. The 
data from SPATRAM is presented for 11.25 to 41.25 km with a step of 2.5 km. For this study it 
was considered an a priori Gaussian profile that not includes the tropospheric contribution. 
The analysis of all the NO2 stratospheric vertical profiles (Figs.5.40-5.42) suggests that the major 
concentrations are registered with SPATRAM for the altitude of approximately 28.75 km for the 
period in analysis. The values at bulk vary between the minimum of 391031.1  cm (at 23rd 
September 2010) and the maximum 391029.2  cm (at 9th June 2010). 
 
 
Figure 5.40- NO2 stratospheric vertical profiles for May of 2010 retrieved with SPATRAM at Évora Observatory. 
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Figure 5.41- NO2 stratospheric vertical profiles for June- August of 2010 retrieved with SPATRAM at Évora 
Observatory. 
 
 
Figure 5.42- NO2 stratospheric vertical profiles for September and October of  2010 retrieved with SPATRAM at 
Évora Observatory. 
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The NO2 stratospheric vertical profiles retrieved with SPATRAM are compared with two datasets 
from SCIAMACHY instrument with different algorithms, both retrieved over Évora station. With 
this latter instrument, using the limb geometry (i.e. tangential view in respect to the Earth 
surface), it is possible also to retrieve the stratospheric vertical profiles of some gases, including 
the NO2 profiles. The first dataset was provided by the team at Max Planck Institute for 
Chemistry in Mainz, Germany. In this work the dataset is labeled as SCIAMACHY MPI. The profile 
retrieval algorithm it is a two step process, being the first one the retrieval of SCD by DOAS 
method. Applying the TRACY-II model, which is a Monte Carlo Radiative Transfer Model, the box 
air mass factors are calculated and the SCD are converted in vertical concentration profiles in 
function of altitude. All the details on the profile retrieval algorithms can be found at literature 
(Kühl et al., 2008; Pukite et al., 2006; Pukite et al., 2008). The second dataset used was also from 
SCIAMACHY limb data but the algorithms developed at the Institute of Environmental Physics 
(IUP/IFE) of University of Bremen. The name used in this work for that dataset is SCIAMACHY 
Bremen. The simulation of the measurements of the scattered solar radiation in limb viewing 
geometry is done using the SCIATRAN radiative transfer model which considers single and 
multiple scattering as well the refraction. Only polarization is not taken in account. The solution 
method is a global fit approach with a pre- processing step aimed to exclude the spectral 
features not associated to the retrieved parameters. In addition an inversion procedure is 
applied and the vertical profiles of atmospheric trace gases are retrieved. The values used for 
absorption cross-section of NO2 were measured by the SCIAMACHY PFM satellite spectrometer 
at 293, 273, 243, 223, and 203K (Rosanov, 2007). The a priori information is from a climatological 
data base provided by C.A. Mcliden (Rosanov, 2007). The aerosol settings are also taken in 
account (Parameterization type: LOWTRAN; aerosol type in the boundary layer are maritime; 
the boundary layer and tropospheric visibility is 23 km). The product and algorithm description 
can be found at literature (Rozanov, 2005; Bauer, 2012; Rosanov, 2008).  
The data from SCIAMACHY MPI is presented for altitudes ranging from 1.5 to 46.5 km with a 
step of 3 km, anyway the NO2 tropospheric part was not considered for this comparison. And 
for SCIAMACHY Bremen the data is presented from 11- 45 km with a step of 1 km. 
In the following plots (Fig. 5.43. 5.44, 5.45) the minimum and maximum profiles are presented, 
as well as the averaged profile retrieved with SPATRAM, and the two averaged profiles from 
SCIAMACHY. Those averages are the monthly mean of the data for each altitude.  
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Figure 5.43- NO2 stratospheric vertical profiles for some days of May 2010, comprising the minimum values, 
maximum values and the averaged values retrieved with SPATRAM instrument and comparison with SCIAMACHY 
datasets from Max Plank Institute Mainz (SCIAMACHY MPI) and the Institute of Environmental Physics (IUP/IFE) of 
University of Bremen (SCIAMACHY Bremen). 
 
Figure 5.44- NO2 stratospheric vertical profiles for some days of June, July and August 2010, comprising the 
minimum values, maximum values and the averaged values retrieved with SPATRAM instrument and comparison 
with SCIAMACHY datasets from Max Plank Institute Mainz (SCIAMACHY MPI) and the Institute of Environmental 
Physics (IUP/IFE) of University of Bremen (SCIAMACHY Bremen). 
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Figure 5.45- NO2 stratospheric vertical profiles for some days of September and October of 2010, comprising the 
minimum values, maximum values and the averaged values retrieved with SPATRAM instrument and comparison 
with SCIAMACHY datasets from Max Plank Institute Mainz (SCIAMACHY MPI) and the Institute of Environmental 
Physics (IUP/IFE) of University of Bremen (SCIAMACHY Bremen). 
 
From the analysis of the figures it can be inferred that the bulk of NO2 concentration is different 
using SCIAMACHY instrument. For example, using MPI algorithms the bulk in the following 
periods is achieved for: a) May: between 25.5 km and 28.5 km b) June-August:  at 28.5 km c) 
September-October: 28.5 km. Using the IUP/ IFE algorithms the bulk is achieved for the following 
altitudes a) May: between 26 km and 27 km b) June-August:  at 29 km c) September-October: 
30 km. The deviation associated between the two instruments is in average between 4%-9% (4% 
around the bulk and 9% over 33 km).  
The differences between the altitudes of the bulk can be explained for the differences in AMF 
used to make the calculations. The AMF is calculated using different models.  
5.6  Air quality evaluation in the south-western regions of the Iberian Peninsula                    
5.6.1 Introduction 
 
Air quality in cities is the result of a multipart interaction between natural and anthropogenic 
environmental conditions (Fenger, 1999).  
A major likely reason for the air quality problems is urban population growth combined with 
change in land use due to increasing urban areas (Fenger, 1999). The urban population growth 
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has many consequences like the higher emissions of air pollutants. These emissions can be 
categorised as a) motor traffic, b) industry, c) power plants, d) trade and e) domestic fuel (Mayer, 
1999). Nevertheless the motor vehicle traffic seems to be the most important source group for 
air pollution especially in cities. As cities expand the number of motor vehicles increase and 
more people buy a car and travel in it much longer than before and over greater distances. 
Therefore air pollution has become one of the major environmental issues and has become a 
very important factor to the maintenance the urban air quality.  The process of air pollution 
works as follows: gases and particulate pollutants emitted into the atmosphere are diluted or 
dispersed by air movements that carry them away from the initial source and diffuse them into 
larger volumes of air by turbulent eddies (Mayer, 1999). Those gases and particles in the 
atmosphere can affect the populations locally as well as at distant places from the sources and 
in a more or less permanent way causing health problems.  
The aim of this study is the use of the ground-based spectrometer SPATRAM installed at Évora 
to identify and characterize some sources of the episodes of air pollution (in terms of high loads 
of NO2) reaching the city. This study provides information about nitrogenous (polluted) air 
masses transported over Évora, in 2010, detected with SPATRAM. The joint action of the 
SPATRAM data and HYSPLIT (HYbrid Single-Particle Lagrangian Integrated Trajectory) maps, 
allows for the identification of the sources responsible for the pollution events recorded at the 
Évora Observatory.  
The abundance of NO2 in the troposphere is highly variable and influenced by both 
anthropogenic and natural emissions (Palmgren et al., 1996). Recalling chapter 2, on a global 
scale the major sources of NO2 and NO (NOx = nitrogen oxides) are fossil fuel combustion, 
biomass burning, lightening and soil microbial production, the oceans, the input for stratosphere 
and the oxidation of ammonia in the atmosphere (Logan, 1983). 
Tropospheric NOx has a relatively short lifetime on order of hours in the boundary layer and a 
few days in the upper troposphere and is usually considered to be confined to polluted areas 
(Ordóñez et al., 2006).  
Nitrogen dioxide is a major problem in urban areas representing an important urban pollutant 
in most of European cities. The nitrogen compounds especially the NOx compounds play a very 
important role in atmospheric chemistry and for formation of photochemical oxidants (O3, NO2, 
nitrates and PAN) many of these compounds act as irritants on the respiratory tract of humans 
and may also lead to chronic diseases. The exposure to NO2 has been associated with an increase 
in respiratory infection and wheezing (Bernstein et al., 2004). 
Road traffic is the main source of nitrogen oxides in urban areas in most of large cities all over 
the world (Palmgren et al., 1996). Nitrogen oxides are formed under combustion at high 
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temperatures in petrol as well as diesel engines. The emission of nitrogen oxides from road 
traffic is typically less than 50 % of the total emission, but because the emission from vehicles 
occurs near the ground, in contrast to the emission from power plants and industries the road 
traffic contributes up to 90% of the concentration in urban air (Palmgren et al., 1996). 
Most of the nitrogen oxides are emitted to atmosphere as NO, which is believed to be harmless 
in the usual concentrations even in heavily polluted cities (Palmgren et al., 1996) and the 
remaining part is mainly NO2.  Concerns over the health impacts, lead to the EU First Daughter 
Directive (2008/50/CE) (and in Portugal the DL 102/2010) which sets an annual mean limit of 32 
µg/m3, and a hourly limit of 140 µg/m3 that must not be exceeded on more than 18 occasions 
each year for human protection, and 24 µg/m3 for vegetation and ecosystem protection 
(WHO,2000; Carslaw, 2005, DL 102/2010).  
5.6.2 Methodology 
The used methodology combines the SPATRAM data (NO2 SCDs) to the HYbrid Single-Particle 
Lagrangian Integrated Trajectory (HYSPLIT) - at http://www.arl.noaa.gov/ready/HYSPLIT- 24 
hours back-trajectory’s at different altitudes (1000m, 3000m, 5000m, 10000m, 15000m and 
25000m). The period under investigation is 1st January 31st December of 2010. This association 
allows for the recognition and identification of the potential sources responsible for the 
pollution events recorded at the site Évora. 
 Reminding that Évora surrounding areas are mainly rural like the city itself. In the West 
direction, very large urban and industrial areas are located (e.g. Lisbon, Setúbal, Barreiro, Seixal), 
and in the East direction Badajoz is situated which is an important Spanish city known for its 
large urban and industrial development. Due to the fact that Évora is considered an unpolluted 
city allows for the detection of unexpected variations in the diurnal NO2 cycle derived from the 
NO2 SCDs obtained with SPATRAM. The identification of potential pollution sources is related to 
the high possibility of an intrusion of a polluted air mass rich in NO2 into another with low 
concentration in this particularly gas on urban and industrial sites that travels from the pollution 
site to the Évora site. 
Whenever a variation in the normal behavior of the NO2 SCD tendencies was detected (a 
demarked peak), that peak was pointed as one ‘pollution event’, meaning that an event of 
tropospheric pollution occurred during the day, at a distant site. The event is marked as 
‘tropospheric’, although SPATRAM, measuring in the zenith sky configuration (pointing to the 
vertical direction), is most sensitive to the stratospheric content of NO2 since the bulk of NO2 is 
located at 25-27 km of altitude. However, high loads of tropospheric NO2 content can be 
detected by the SPATRAM instrument.  
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5.6.3 Results 
 
Using the above methodology were identified 71 days in 2010 with pollution events. In thirty of 
those days two or three demarked peaks were registered that were considered as 2 or 3 
pollution events. In the other 41 days there was registered only one demarked peak 
correspondent to only one pollution event. 
The potential air pollution sources registered were from sites mainly in Portugal. It was also 
identified possible pollution sources from Spain and North of Africa. 
The next examples illustrate some of the results obtained with the SPATRAM instrument with 
the application of the above mentioned methodology. 
The following example illustrates the pollution event detected in Évora with potential sources 
in Lisbon and Tagus Valley area. Fig. 5.46 shows that near 01:30 PM, 02:00 PM, 03:00 PM and 
06:30 PM there are demarked peaks on the NO2 SCD daily concentration obtained with 
SPATRAM measurements. Analyzing the 24 hours HYSPLIT back-trajectories (Fig. 5.46 b) for the 
same day, for example for the 02:00 PM it can be seen that, at different altitudes, the air mass 
is passing over high polluted industrial and urban areas like Setúbal (5000 m) , Barreiro, Montijo, 
Seixal (1000 m), Lisboa  area (1000 and 5000 m) (Fig. 5.46) towards Évora. Apart from being a 
high populated and industrial region there are also power plants (Alto do Mira- near Amadora, 
Setúbal and Barreiro) that release also NO2 to atmosphere. 
 
  
                                               a)                                                     b)  
 
 
The NO2 quantity measured at Évora site for the 02:00 PM event was 0.1901 µg/m3 
(approximately 161078.3  molecules/cm2). 
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Figure 5.46 a) The NO2 Slant Column Densities (SDC) daily variation during 11th May of 2010 retrieved by 
SPATRAM at Évora. b) The HYSPLIT back-trajectories for the 11th May of 2010 at the heights of 1000, 3000 and 
5000 m (at http://ready.arl.noaa.gov/hysplit-bin/trajtype.pl?runtype=archive). 
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Figure 5.47- Location of the potential pollution sources (Setúbal, Barreiro, Seixal, Lisboa, Amadora) detected by the 
combination of SPATRAM data and  HYSPLIT back-trajectories for the 11th May of 2010 at the heights of 1000, 3000 
and 5000 m- at www.maps.google.com. 
 
 
The frequency of pollution events occurrence with potential sources in Portugal, during 2010, is 
summarized in Fig. 5.48. 
 
 
 
 
 
 
 
 
 
 
 
The above identified sites are the locations of power plants (Barreiro, Setúbal, Carregado, Póvoa 
de Santa Iria, Abrantes, Tapada do Outeiro near Porto, e.g.), biomass stations (Vila Velha de 
Rodão near Castelo Branco e.g.), industrial units (Leiria sorroundings, Lisboa, Porto, e.g.)) and 
concrete factories (Setúbal, Loulé, e.g.).  
Figure 5.48 - Number of pollution events registered at Évora’s Observatory in 2010 with the potential sources 
located in Portugal. 
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Other cases of atmospheric pollution originated in Spain and Morocco were also identified. The 
next example shown in Fig. 5.49 is related to a pollution event occurred in the north of Spain 
and Portugal. 
 
Figure 5.49- The NO2 Slant column densities (SDC) daily variation during 12th June of 2010 retrieved by SPATRAM 
at Évora. 
 
                
Figure 5.50 - The HYSPLIT back-trajectories for the 12th June of 2010 (ending at 13 UTC) at the heights of 1000, 3000 
and 5000 m (at http://ready.arl.noaa.gov/hysplit-bin/trajtype.pl?runtype=archive)  
 
The load of NO2 was identified at Évora Station at 01:04 and 01:24 PM. The most probable NO2 
sources are identified in Leiria (3000m), Figueira da Foz (3000 m), Aveiro (1000, 1500m) and 
Porto (1000, 1500m) all in Portugal and in Vigo (5000 m) and Coruña (5000m) in Spain with the 
help of HYSPLIT maps (Fig.5.50). 
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The NO2 loads derived from the SPATRAM scattered radiation measurements were, at 01:04 and 
01:24 PM respectively, 0.158 µg/m3 (approximately 1610973.2  molecules/cm2), 0.216 µg/m3 
(approximately 1610241.4  molecules/cm2).  
There are also records of air pollution event from Oviedo and San Sebastian, Salamanca and 
Madrid in the North of Spain that correspond to urban centers, industrial sites and location of 
oil refineries and power plants. Cities like Badajoz, Sevilha, Huelva, Cadiz and others like 
Portullano, Alicante, Córdoba, Cáceres, Gibraltar, Almendralejo, Murcia, Valência, and 
Cartagena were also identified as potential NO2 sources.  
The following situation (Fig. 5.51 and Fig.5.52) illustrates one case where it is possible to observe 
an air mass motion reaching Évora originated in South of Spain and in North of Africa, namely in 
Rabat and Casablanca known by the intense road traffic.  
 
Figure 5.51- The NO2 Slant column densities (SDC) daily variation during the 2nd of March 2010 retrieved by 
SPATRAM at Évora.  
           
Figure 5.52- The HYSPLIT back-trajectories for the 2nd March of 2010 (ending at 17 UTC) at the heights of 10000, 
15000 and 25000 m (at http://ready.arl.noaa.gov/hysplit-bin/trajtype.pl?runtype=archive). 
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For the same day it is also possible to identified intrusion of NO2 air masses from Tunes (5000 
and 3000 m) Portimão and from Huelva and Cadiz (1000m). Fig. 5.53 exhibits the air mass back-
trajectories ending at Évora and originated in the above industrial areas (power plant, urban 
traffic and refineries stations).  
                
Figure 5.53- The HYSPLIT back-trajectories for the 2nd March of 2010 at the heights of 1000, 3000 and 5000 m (at 
http://ready.arl.noaa.gov/hysplit-bin/trajtype.pl?runtype=archive). 
 
The total contribution of the above sites that was detected by the SPATRAM was 0.159  µg/m3 
(approximately 161089.3   molecules/cm2).  
In the North of Africa there were also identified other sources of NO2, like El Jadida (1 event), 
Tanger (2 events) and Algecira (1 event). 
 Fig. 5.54 summarizes the number of occurrences and the potential sources of NO2 located in 
Spain.  
 
Figure 5.54- Number of pollution events registered at Évora’s Observatory in 2010 with the potential sources 
located in Spain. 
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The nitrogen pollution loads were simply calculated as the differences between the maximum 
value for each registered event and the background values extrapolated by the regular function 
described by the daily SCDs. In Fig. 5.55 is shown the number of events with NO2 concentration 
between 0.03 and 0.28 µg/m3 (9 bins of 0.03 µg/m3 each) that were retrieved by the SPATRAM.  
 
 
 
Figure 5.55- Histogram that illustrated the quantity of NO2 detected in Évora in µg/m3 with the SPATRAM 
instrument for each pollution event, for the 115 events recorded at Évora Station. 
 
For the analysis of Fig. 5.55 one can conclude that 48 events were registered where the NO2 
concentrations are between 0.03 and 0.06 µg/m3, 22 events where the NO2 concentrations are 
between 0.06 and 0.09 µg/m3, 19 events where the NO2 concentrations are between 0 and 0.03 
µg/m3 and 13 events with NO2 values between 0.09 and 0.12 µg/m3. On the other 13 events the 
NO2 concentrations lay between 0. 12 and 0.28 µg/m3. The maximum value obtained in a 
'pollution' event occurred in 9th May 2010 from the SPATRAM scattered radiation measurements 
reached 0.251 µg/m3 (approximately 1610133.5   molecules/cm2) and the minimum value of 
0.011 µg/m3 (approximately 161094.0  molecules/cm2) was registered in the 2nd February 2010. 
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6. Conclusion and outlook 
 
6.1  Conclusion 
 
This PhD work aims to be a contribution in the framework of the atmospheric sciences since we 
presented a review of the atmospheric composition and structure together with a presentation 
of the main physical and chemical processes suffered by the atmospheric compounds and by 
the solar radiation. Furthermore, after the presentation of the equipment utilized in this study, 
the algorithms applied to the spectral data carried out with the SPATRAM spectrometer for the 
assessment of atmospheric tracers content along the optical path of measurements (Slant 
Column Density – SCD) are explained. The demonstration of how the DOAS master equation is 
obtained starting from the Lambert-Beer extinction Law is furnished. The DOAS technique is 
applied to a spectral series in a UV spectral range (300-360nm) for the identification of the O3 
absorption features in a qualitative mode aiming to highlight the strength of this spectroscopic 
method. Furthermore, the forward models (AMEFCO and PROMSAR) for the computation of the 
AMF used to convert the SCD into Vertical Column Density (VCD), are presented. Moreover, the 
inversion methods for the retrieval of the vertical distribution of some tracers in the 
stratosphere as well as in the troposphere are described. After these most theoretical sections, 
the presented algorithms are applied to the ground based spectral data for the retrieval of the 
VCD of the studied tracers, namely O3, NO2 and BrO. The analysis of the obtained results 
highlighted that the O3 total columns values are is approximately constant during the day and 
NO2 total columns values at sunset (PM series) are systematically higher than the sunrise (AM) 
ones. This is the expected results considering the photo-chemistry activities of both species. 
With respect to the seasonal behavior of the studied gases (O3, NO2 and BrO) it was possible to 
point out that: 
• O3, NO2 and BrO shows a sinusoidal variation through the years; 
• the O3 seasonal trend shows a maximum in spring months and a minimum in autumn;  
• a inter-annual variability in O3 values, being that in the years 2008 and 2010 the 
decrease in the autumn is lower than in the other years in the same period; 
•  the NO2 seasonal trend registers higher concentrations in summer months (May, 
June, July, August) and lower values in winter months (October, November, 
December, January).  
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• the first preliminary results for the BrO VCD measured with SPATRAM are presented. 
The time series, limited to 6 months show a slightly seasonal trend reaching the 
maximum in the spring season. 
The results for the seasonal variation of O3, NO2 and BrO were compared with the satellite data 
from OMI, SCIAMACHY, GOME and GOME-2 instruments. In general the comparison/validation 
revealed a fair agreement between the datasets proving that  SPATRAM instrument (in zenith 
sky configuration) and the employed DOAS algorithms are a good tools for the monitoring of 
these compounds. 
The coupling of the MIGE equipment with SPATRAM and the consequent improvement in the 
algorithms allowed for the retrieval of NO2 tropospheric total columns in east, west, south and 
north azimuth LOS. The results obtained suggested that the observations are dependent on the 
azimuthal direction.  For the studied period (30 th March, 8th and 9 th April) it was conclusive that 
the registered NO2 concentrations were higher from the West and East directions which 
correspond to the directions of large urban centres (Lisbon (Portugal) and Badajoz (Spain), 
respectively).  Therefore from the analysis of the vertical profiles in PBL it was also possible to 
infer that the higher values of NO2 are correspondent to the rush hours in the city (9 and 11 AM, 
12 an 2 PM, 5 to 6 PM) although NO2 polluted air masses from remote sites have also a role in 
the enhancement of NO2 concentrations during the day. 
The vertical profiles achieved for the period comprised between 5th May to 5th October 2010 
present a NO2 concentration bulk at altitude of approximately 28.75 km. The comparison with 
the SCIAMACHY data from MPI and University of Bremen are in fairly agreement showing a 
deviation of 4%-9% in data. 
 The combination of the NO2 column content measured with the SPATRAM with the 24 hours back-
trajectories ending at Évora for different altitudes, obtained with the HYSPLIT model, allowed for 
the identification, several long range as well as short range pollution sources from a wide variety 
of sites.  The main sources of NO2 pollution that were identified at Évora´s Observatory are located 
in Lisboa and Tagus Valley and Sines – Portugal – that correspond to urban and industrial sites 
where Power Plants are placed. There are other sources of pollution related to the NO2 emissions 
like the Cogeneration Power Plants located at Leiria, Póvoa de Santa Iria, Lavos-Leiria, the Biomass 
Centers placed at Vila Velha de Ródão and Mortágua), oil refineries located at Porto, Sines e.g.), 
industrial units at Sines, Barreiro, Setúbal, Carregado, among other, and the multi sources 
produced by the heavy traffic existing in the major cities like Lisbon and Porto and in the Great 
Lisbon and Porto surrounding areas. The above method has also identified long distant NO2 
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sources from Spain and Morocco. This is the first study performed in Portugal on pollution 
transport using a spectrometer.  
6.2  Future work 
 
The present study can be extended to the monitoring of other trace gases, such as sulphur 
dioxide (SO2), formaldehyde (HCHO) and glyoxal (CHOCHO), etc.. Therefore will be possible the 
assessment of diurnal cycles, seasonal and inter-annual variations for the total columns and 
atmospheric profiles of other trace gases. With the improvement of the algorithms for the 
retrieval of the vertical distributions using the SPATRAM it is open a path also to extend the 
research to ozone profiles. It is also important continue this work in order to maintain the 
measurements of total columns of the presented compounds for future climatologically studies. 
The monitoring of the PBL in terms of total columns and profiles of NO2 also can be developed. 
It is important to make more measurements and also other measurement campaigns in other 
cities in order to evaluate the air quality. 
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